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A Reliable, Accurate CQ2 Anafyzer for Medical Use, by Rodney J, Solomon A novel sen- 
sor design and digital processing make this instrument reliable and easy to use. 

A Miniature Motor for the CQ2 Sensor, by Edwin B. Merrick The rotor contains optical 

elements, is the size of a com, and rotates at 2400 rtmin. 

An End-Tidal/Respiration-Rate Algorithm, by John J. Krieger An infrared absorption 

signal is processed digitally to yield CO 2 level and rate of breathing. 

In-Service CO^ Sensor Calibration, by Russell A. Parker and Rodney J. Solomon Quick 

and easy calibration Is essential for a mediaal instrument. 

Making Accurate CCfe Measurements, by John J. Kheger This system produces accurate 

gas mixtures for CO2 sensor calibration 

A Versatile Low-Frequency Impedance Analyzer with an Integrai Tracking Gain-Phase 

Meter, by Yoh Narimatsu, Kanuyaki Vagi, and Takeo Shimlzu Complex component and 

circuit evaluations are done automatically at frequencies from 5 Hz to 13 f^Hz. 

A Fast, Programmable Pulse Generator Output Stage, by Peter Aue Here's a 10Q-f\/lHz 
pulse generator with fast transition times for testing fast logic families. 

In this Issue: 

Carbon dbxide (CO2) builds up in our blood as a byproduct of metaboiism and we must 
eff minate it from our bodies or die. Some is eliminated through tine kidneys and a small amount 
goes out through the skin, but most is carried to the lungs and exhaled. As metabolic needs 
It ji^p M^ i -^ increase, the body s built-in control system makes us breathe harder to keep the level of 
*i.'p™^jy carbon dsoxide in the blood at a safe level. When this control system isn't working, as is the 

^C* -' ■ ^^ ^ case for a patient on a mechanical ventilator, the physician must monitor the level of CO2 in 
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the patient's biood and adjust the respiration rate according iy. Rather than draw blood 
samples periodically, the physician may elect to monitor the level of CO2 in the patient s 
exhaled breath. The expired CO2 is normally a good indicator of blood CO^. 

Capnometers, or CO2 analyzers, have been used for 30 years to monitor ventilated patients. They are also 
used in operating rooms to monitor the general physiological status of anesthetized patients, and they are used 
in pulmonary laboratories to help assess how well a patient's lungs are functioning. However, there have been 
problems. Many capnometers that measure expired CO2 on a continuous basis sample the expired gas through 
a small tube. This tube often becomes clogged with condensed moisture and secretions. This and other 
problems make these instruments somewhat unstable and unreliable. 

The new HP Model 4721 OA Capnometer, featured on the cover of this issue, eliminates the problems of earlier 
instruments and makes a major contribution to the field of medical gas monitonng. It makes its measurements 
directly on the breathing gas. using an airway adapter with a snap-on infrared sensor, The approach is simple 
and reliable. Inside the instrument, a microcomputer lakes information from the sensor, processes it, corrects for 
the influence of water vapor, oxygen, and nitrous oxide, and displays various measures of CO2 and the 
respiration rate. Alarms alert medical personnel if preset limits are exceeded. Calibration, when necessary, is 
fast and easy. The design of the 4721 OA Capnometer is discussed on pages 3 to 21 . 

The other two articles in this month's issue describe the design of instruments that are related to former 
Hewlett-Packard Journal cover subjects. Model 41 92 A Low- Frequency Impedance Analyzer, page 22, is a close 
relative of our January 1980 cover subject. Model 41 91 A Radio-Frequency Impedance Analyzer, Both of these 
instruments make fundamental measurements on basic electronic components such as resistors, capacitors, 
and transistors and on electronic devices such as telecommunications filters, audio and video circuits, and 
integrated circuits. Model 4192A can test these devices at frequencies as low as 5 hertz or as high as 13 
megahertz and can operate under computer control in an automated system. It can, for exampie, easily and 
automatically charactehze resonators and filters such as quartz crystals, ceramic and mechanical filters, sonar 
cells, and piezoelectric buzzers. This class of devices has been difficult to measure efficiently and accurately by 
other means. 

Model 81 61 A Pulse Generator, page 29, is a faster relative of our May 1979 cover subject. Model 8160A. 
Today's very fast digital integrated circuits are capable of switching between voltage levels in as little as a few 
thousandths of a millionth of a second. Model 81 61 A generates fast, accurate voltage pulses or staarcases for 
testing these circuits. Its output voltage level, pulse rate, and switching speed are completely programmable. It II 
be used in research, production, and incoming inspection of fast integrated circuits and products that use them . 
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A Reliable, Accurate CO2 Analyzer 
for Medical Use 

Measuring the amount of carbon dioxide in a patient's 
breath is an innportant medical diagnostic tool. This 
instrument mal<es the measurement quickly and easily 
without cumbersome calibration requirements. 

by Rodney J. Solomon 



CARBON DIOXIDE (CO2) is one byproduct of human 
metabolism. Accumulation of this gas by the body 
leads to a shift in intracellular acidity which is 
incompatible with life. Elimination of CO2 occurs 
mainly through blood transport to the lungs* although 
some CO2 is eliminated through the kidney and a small 
amount is passed through the skin. Being able to measure 
the partial pressure of carbon dioxide (PCOi) in the 
patient's inhaled and exhaled breath is important because 
it allows the clinician to predict the arterial blood CO2 
concentration and (hus adequacy of ventilation (breathing). 
The HP Model 47210A Capnometcr shown In Fig. 1 is 
designed to make these measurements easily and accu- 
rately without causing discomfort to the patient. The pa- 
tient's breath is inhaled and exhaled through an airway that 
has an infrared source mounted on one side and an infrared 
detector mounted on the opposite side. The instrument 
measures the amount of infrared radiation absorbed by the 



patteot's breath to determine the partial pressure of CO2 
present. This direct measurement is done quickly and 
noninvasively. 

The new capnometer is very useful for monitoring pa- 
tients whose breathing is being done for them by a mechan- 
ical ventilator. Normally, someone who is breathing spon- 
taneously has a natural feedback system for controlling 
blood PCQ2 level. As the person's metabolic needs increase, 
so does the respiration rate to maintain the blood PCO2 at a 
constant value (usually around 40 mmHg for a normal per- 
son). For a patient on a mechanical ventilator, the physician 
who adjusts the ventilation controls the level of CO2 in 
the patient's blood. The physician may use the patient's 
expired CO2 level instead of blood gas analysis for control- 
ling ventilation. The expired CO2 reading is immediate, 
while w'nh blood gas analysis, there may be a delay of a 
do2:en minutes or so. 

Arterial blood concentration of C^Oi is the primary 




Fig. t. The HP Modei 4721 OA 
Capnometer nomnvastvely mea- 
sures breath CO 2 content to pro- 
vide accurate monUormg of a pa- 
tmni's breathing m opmaltng. re- 
covery, an0 respiratory care 
areas. Its accuracy, ease of use, 
and stmpie cahbration also make it 
useful for pulmonary laboratory 
evaluations. 
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stimulus for respiratory controL That is* we are driven to 
eliminate carbon dioxide, not to acquire oxygen. Monitor- 
ing ttie COi concentration in the exhaled breath and com- 
paring that value to the CO3 concentration of a drawn arte- 
rial blood gas sample can be used to make a determination 
ot the ability of the lung to eliminate CO2. Additional diag- 
nostic information can be gleaned from an examination of 
the CO2 partial-pressure waveform as lunctjon of time,' 

Carbon-dioxide analyzers and capnography, the study of 
the r^COz waveform, have been used since the early 1 95Us to 
assess patient condition. These analysers use a nondisper- 
sive infrared technique whereby all rcidiation from an emit- 
ter is passed through a gnu sample and the energy absorbed 
at the wavelength of interest is measured. In the infrared 
radialiun region a number of gases have absorption bands 
(see box at rightj. Carbon dioxide has a strong absorption 
band centered around a wavelength of 4,2fi /jirn. The energy 
absorption is primarily a function of CO; concentration and 
total radiation path length. There are other influences on 
the total energy absorbed such as total gas pressure, tem- 
perature and presence of other gases- 
Some Problems 

CO2 analyzers have had a number of problems which can 
make routine monitoring difficult. .VIost CO2 analyzers op- 
erate on a sampling technique. A gas sample is drawn via a 
capillary tube to the analyzer from the plumbing used to 
connect the patient to a ventilator. This capillary tube is 
prone to clogging from sputum and water vapor. In addi- 
tiont the instrument requires an air pump and flow reg- 
ulators* and contamination has to be removed from the gas 
before it enters the sample chamber. The small passages and 
traps i:n such a system can make it difficult to maintain 
adequate cleanness. Instrument calibration, usually 
needed quite frequently, is done by using gas from pre- 
mixed cylinders. This is cumbersome, time-consuming and 
subject to operator error. 



Infrared Absorption 

The measurement technique is based on ihe absorption of 
(hfrared radiation by gases having polyatomic assy m met nc 
molecuJes. That is, water vapor (H^O). carbon dioxide (CO?). 
carbon monoxjde (CO), and nitrous oxide (NzO) will absorb in- 
frared whereas symmetrical bfnary gas molecules such as oxy- 
gen (02 ) and nitrogen {N2) wtll not. The absorption bands tor 
various gases in the infrared spectrum from 2 to 10 micrometres 
are shown in Fjg, 1 . Note that CO? has a strong absorption band 
for the infrared wavelengths from 3 5 to 4.7 micromeires By usrng 
a bandpass filter \o elimmata the other mtrared wavelengths emit- 
ted by the infrared source in ttie 14360 A Sensor the detector can 
measure the absorpHon caused by the amount of CO2 present in a 
gas 




4 5 

Wavelength (^m) 

Fig. 1. Infrared absorption bands for infrared radiation 
wavelengths from 2 to 10 micrometres 
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14360A CO? Sensor 




Processor Sox 

Dtgttat Soetton 



Fig. 2, Block diagram of the 
472 IDA Capnometer The output 
from the COi sensor ts contr oiled, 
amplified, snd converted to digital 
data by the analog section in the 
processor box. Thts data /'s opti- 
caffy coupled to the rest of the pro- 
cessor box to be analyzed and 
displayed. 
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Fig. 3. Oto%% sectfon of the airway adapter and sensor as- 
sembiy The ser^sor body contams all of the infrared compo- 
nents required to measure the mf fared absorption of the pa- 
tienVs breath passing through the airway adapter 



Design Goafs 

The fundamentaJ approach of placing all the infrared 
components at the patienl end of the cable offers many 
advantages o%^er the sampling tube approach. The "on air- 
way^" concept is not, however, withoyt its share of prob- 
lems. The sensor must be small, rogged, lightweight, and 
easily cleaned, and perhaps most important, must help 
isolate the processor box from any high voltages caused by 
the use of defibrillation equipment. It also should not be a 
shock hazard for the palieot. If a patient makes contact with 
a piece of equipment such as a motorized bed that has a 
defective ac line connection, a current can flow through the 
patient if the patient is grounded. The goal is to assure that 
the COi analyzer does not provide either the ac source or the 
grounded path for the patient. 

The airway adapter must be rugged and lightweight. It 
must be sterilizable and the infrared path length must be 
stable and consistent from unit to unit to minimize the total 
system error. Mating the airway adapter to standard ventila- 
tion plumbing must be simple and reliable. 

The variability of the infrared components in the sensor 
must be compensated by the processor box. If the goal of a 
simple calibration scheme is to be realized, the processor 
box must be more than just a power supply for the sensor 
and a simple analog-to-digital [A-to-DJ converter. The ef- 
fects of interfering gases and total pressure variation (al- 
titude) on the CO2 measurement mean additional process- 



The 47210A CO2 analyzer was developed to alleviate the 
problems with presently available instruments. In particular: 
■ The small sampling tube is a trouble spot and is avoided, 
a The method of instrument calibration eliminates the 

need for unwieldy gas cylinders, 
m The stability of measurement is adequate to allow confi- 
dent use for extended periods of time. 
m The instrument is easy to use in a monitoring application 
because the complex compensation routines are per- 
formed by the instrument rather than by the operator. 
The 47210A Capnometer provides the above features by 
making some significant changes in the basic measurement 
approach, A simplified block diagram of the 4721 OA is 
shown in Fig. 2, 

The 47210 A consists of an airway adapter, a sensor, and a 
processor box. The airway adapter, a hollow aluminum 
casting with sapphire windows, is inserted in series with 
the ventilator plumbing. The sensor is snapped over the 
airway adapter w^indow^s (Fig. 3)> and the measurement is 
made directly on the artificial airway through which the 
patient is breathing (Fig, 4). This sensor contains all the 
optical components necessary to make the infrared mea- 
surement and is connected to the processor box by a cable 
2,44 metres long. The processor box powers the sensor, 
processes the return signaL and presents the data via LED 
(light-emitting diode) displays. A simple, self-contained 
calibration system attached to the processor box substitutes 
a loo! proof method for a previously difficult and potentially 
error-inducing calibration procedure using premixed 
gases. The microprocessor in the processor box performs 
numerous tasks that greatly simplify tlie use of the system 
Compensations for interfering gases and total pressure ar^ 
performed by the processor rather than by the operator. 




Fig . 4. The 4 727 OA Capnonjeter is connected to the gas to be 
sampled for CO^ content by the 14361 A Atrway Adapter The 
adapter ts inserted in ser/es with the venttlation ptumbmg as 

shown. 
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Airway Adapter 
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Wiring Connectors 



Sensor Case Halt 
with Sapphire Windows 



Fig. 5. Exploded view of the as- 
sembly for f/ie 1436QA Sensor. 



ing is necessary if ihe instrument is to be beneficial in a 
patient monitoring situation where ease of use is given a 
hi^h priority. 

Sensor Design 

Starting vvitlithelead-sBJenide pliotoresistor in the detec- 
tor assembly, each part of the desi^gn interacts with the other 
fjtirts. No one parameter can be changed without affecting 
others in tfie system. The design begins with the sensor. 

The detector assembly, located on the opposite side of the 
airway adapter from the source, has a rotating filter wheel, a 
thin-film infrared bandpass filter and a lead-selenide 
photoresistive detector arranged as shown in Fig. [i. The gas 
sample is always in the infrared path. Modulation far drift 
rejection is accomplished by the rotating filter wheeh The 
filter wheel consists of tw^o hermetically sealed cells with 
sapphire windows, one open chamber with sapphire win- 
dow Sh and four permanent magnets. The magnets farm the 
rotor for a brushless dc motor (see box on page 6). Each cell 
is rotated into the infrared energy beam 40 times per sec- 
ond. The output of the detector is shown in Fig, 6. The 
output waveform is generated as the wheel successively 
rotates into the infrared energy beam first one sealed cell, 
then the open chamber, the second sealed cell, and finally 
an opaque region for zero output The conversion of this 
waveform to a CO2 vakie is discussed in the box on page 1 2. 

To obtain adequate signal-to-noise ratio so that the 
specified output noise of O.n mmHg rms can be achieved, a 
S-mm-square photoresistor is used. Dark-current noise is 
excessive if detectors smaller than this are used. This 
photoresistor size defines the minimum aperture of the 
rotating wheel cells that can be used and still provide an 
adequate dwell period. This aperture controls the wheel 
diameter and thus the overall detector assembly SJ/,e. The 
result is a roughly 20-mm-square by HJ-mm-thick 
beryllium-copper investment-cast housing for the detector 
assembly. In addition to the filter wheel and its motor drive 
coils, the housing also supports two thermistors: one for 
temperature sensing and one for heating. 

The infrared source is a heated broadband black-body 
radiator. The heating element is a thin-film cermet resistor 



deposited on a 0.0G4-mm-thick sapphire substrate. Two 
conductors are deposited over the resistor material such 
that a square heater is defined in the center of the element 
[Fig. 7a), The heating element is mounted in a twin-lead 
TO' 5 transistor package ivith a sajjphire window in the top. 
The element is supported on the tw^o lead posts and faces 
a collimating mirror mounted to the package's header 
[Fig, 7b), 




(b) 



Fig, 6* (a) Typical output waveform from ttie infrared detecior 
assembfy (b) Viewing the wa^/eform from left to nght, the 
first peak V^ ss the output detected through the sealed 
CO2 reference cell, the second peak V^^ is through the open 
cell, and the fast peBk V^ is through the seafed nitrogen CBff 
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COTktuctor 



0.064 mm 




TO-S Transistor 



(b) 



Fig. 7, fa; Cermet rsBistor heating element uBBCt for the in- 
frared source, (b) lr}frared source assembly The heating eie- 
ment is rnounted face dowrjwsrd so that the mirror can focus 
the infrared radtatton. 



The detector assembly and the source define the basic 
dimensions and weight of the sensor. What about rugged- 
ness* cleanability and voltage isolation? The design of the 
outer case assembly, from the cable entrance down to the 
sapphire windows, is an exercise in materials selection 
and testing. 

The case assembly consists of two halves (Fig. 5 and Fig. 
8). The upper half of the assembly contains the cable and 
interconnects, and the lower half aligns the infrared com- 
ponents. An ring makes a watertight seal between the two 
halves. The thermoplastic bumpers banded to the corners of 
the outer case provide necessary cushioning. 

The case material is a glass-filled thermoplastic polyes- 
ter. This material has the solvent resistance and dielectric 
strength required for the application. However, its solvent 
resistance makes it difficnlt to find a suitable adhesive for 
potting the cable, attaching the bumpers and sealing the 
sapphire windows. Each application presents a different set 
of requirements. 

For example, the bumper-tO'Case bond has to be flexible 
and still survive multiple exposures to liquid sterilizing 
agents. A two-part polyurethane adhesive is used. But this 
adhf>.sive generates smaU amounts of carbon dioxide during 



its very lengthy curing cycle which can contimie after the 
sensor is in service. This makes this adhesi\^e unusable 
iBside the sealed sensor because the detector assembly can- 
not differentiate CQi in the sample chamber from any high 
concentrations of CQ: in the infrared path that may be 
trapped inside the sensor. 

Finding an adhesive that would adequately bond the 
sapphire windows to the case material involved much trial 
and error. The bond has to be strong and survive exposure to 
steriHzing materials. A heat-cured epoxy preform is used. 
Precision tooling and carefully controlled technique are 
required because any voids in the adhesive will com- 
promise the high- vol Eage breakdown resistance so neces- 
sary in an instrument used near a palient who may be 
subject to defibrillation. 

The resutl is a sensor l hat survives drops from a height of 
one metre unto concrete floors without damage. The sensor 
has been dropped from as high as 2.4 metres. Damage was 
confined to the outer case structure. This severely abused 
sensor still measured COi with no perceptible shift in 
output. 

Airway Adapter 

Tlie s^Hiisur jierhjrms tts job by f>assing infrared energy 
through the ainvay adapter and measuring the amnunt ab- 
sorbed by any COa in the airway. The airway adapter also 
has a number of critical requirements- Sterilizability, a sta- 
ble infrared path length, and ruggedness dictate a series nf 
materials requirements. Measurement accuracy is related 
directly to the infrared [jath length through the sample. Any 
variation from the nominal 'i-mm gap results in an error 
proportional to the difference in the gap from the nominal 
vaiue. To achieve the required stability in view of the other 
requirements, the airway adapter is made of aiuminunL The 
choiceof an aluminum investment casting is dictated by the 
detail necessary in the part. Grooves for the ball detents 
used to secure the sensor assembly to the airway adapter, 
the complex gas passageway with its mushniom-shaped 
cross-section, and the mating ends of the airway adapter 
precluded fabrication processes other than casting. Invest- 
ment casting is used because the number of units and the 





Fig, 8, Disassembled 14360 A Sensor showing case halves 
(right and left), infrared source (top center^ and fiiter wheel 
assembiy (center). 
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A Miniature Motor for the CO2 Sensor 
(with Thanks to Kettering) 



by Edwin B. Merrick 



Into' the midst of the tightly packed infrared componsnts of the 

sensor for ihe 4721 OA Capoometef it is necessary to insert a 
highly reliable and efficient motor whose only purpose is to keep a 
liftle cell-carrying wheel turning at a constant rate Among the 
rather strtngent requirements are that ihe motor rnust not signifi- 
cantly increase tfie sensor size and cost. A sensor the size of a 
brick just Will not do, It es also desirable to minimize the number of 
wires in the sensor cable, thereby keeping the cable small and 
light The patient's airway tubing is already sufficiently rigid to be 
an encumbrance. The cable to the COs sensor should also not 
add to the leverage applied to hose connections. Since the sensor 
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Fig. 1 . (a) An Qptica! sync track atong the edge of the fiiter- 
wneet roioras shown was initially used to contra! moior speed 
(b) The sync track was Blimsnated in the final design by using 
sense coiis to detect motor speed. The physical arrangement 
of the drive and sense coifs is shown in Fig. 11a on page T 7, 



is temperature conirolled at as low a temperature as possible it js 
necessary that the motor dissipate the least possfble power. 
Finally, whate'jer motor is developed must be agreeabte to accu- 
rate speed control 

Various alternative motor and dnve configurations were con- 
sidered and discarded.. A dc brush motor? Brush noise, life and 
the added commutator and winding space ruled it out, although 
only requiring two leads was attracttve. An ac induction motor? 
The additiorr of a squirre* cage or suitable conductor to the simple 
plastic filter wheel seemed to add stze, wetght or complexity when 
the requirements of the infrared paths were considered. Effi- 
ciency was also doubtful since the usual approach is toapply high 
magnetic field intensity to keep the rotor from slipping and provide 
speed control, A step motor approach'? Now that had some prom- 
ise since small permanent magnets could be added to the 
perimeter of the filter wheel and interspersed with the four infrared 
openings. This would have negligible effect on the size of the 
wheel. Two drive coils could be pos^Jioned away from the infrared 
detector on the same side of the wheel as the detector without 
adding to the thickness of the assembly since the detector and 
infrared filter already required a reasonable space (see Fig. 5 on 
page 6) But how should it be driven? 

An optFcat sync track appfled to the edge of the wheel as shown 
in F?g. 1 a was tried first. Thts was the only wheel surface that was 
not otherwise occupied and could still be viewed. This track was 
used to drive a soltd-state commutator in the processor box which 
then pulsed the dnve coils at appropriate times in proper polarity 
Initially the drive coils always received the same high pulse 
amplitude This was inefficient. Thus, proportional control was 
applied to the pulse amplitude, applying only the dnve level 
necessary to maintain the proper 2400 rpm, Although this motor 
ran, it requtred several wires for the optical sync signal, it in- 
creased the size of the sensor somewhat, and introduced a re- 
quirement for a second axps of optical alignment to the wheel Also 
it seemed possible that efficiency might improve if just the right 
waveform were applied rather than an arbitrary square pulse. 

Edwin B. Merrick 

Ed Merrick ts a native of Andover, 
Massachusetts and received the 
BSEE degree from the University of 
New Ham psh ire in 1 963. He came to 
HP that same year and is currently 
an engrneertng manager at HP's 
Hospital Supplies Operations in 
Chelmsford, Massachusetts. Ed is 
co-author of an ear he r HP Journal 
article on the 47201 A Oximeter and 
a co-inventor on a patent for a blood 
perfusion measurement. He is a 
member of the American Assoc ia- 
lion tor Medical Instrumentatton. Ed 
IS married, has three children, and 
supports a menagerie consisting of a dog, three cats, four pigs, 
and a rabbiL He lives m Stow,, Massachusetts where he is restor- 
ing a 200-year-old house and barn and has built a hydraulic log 
sptttter to supply firewood for wood heating. During rhe summer 
Ed enjoys sailing his 32- foot sloop along the New England coast, 
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©Iter Kertenng 

\r\ d^cfibmg his life s work as an inventor Kertefing ref erred lo 
hts wQfk ofi the devetopmeni of a piston for diesat locomotfve 
engines. He sekJ the probtem was not so much knowing when you 
had a bad piston because the engine would telF you that soon 
enough The tnck was to sitnpiy let the engine ieJi you which 
pistons Jt liked Des! in thts case vwe fet the motor show us the 
proper drive waveform Simply addrng a pair of sense cojis in the 
proper location and a simple tntegrator »n the processor box 
produces a properly phased and shaped waveform with which to 
power the drive coils (see Rg lb) Speed control is achieved 
by compare g the period of the S€nse-co>i waveform with a one- 
shot time reference The speed is increased by increasing the 
gam of the drive amplifier and decreased by decreasing the gam 

The result ts a motor that requires only three wjres, uses inex- 
pensive components, is easily speed -control ted. does not in- 
crease the Sfze or complexity of tt\e sensor, and runs on less than 
50 mW 



Sprlrig Plunger ^ ,_ 



detail required make die casting undesirable. 

The airway adapter has two sappliire windows that are 
epoxv bonded to each side of the gas passage. The gap 
between the windows forms the precise path length for the 
gas sample. A tolerance of ±13 /im was deemed necessary 
and possible. This small variation alone can add approxi- 
mately ±0.4 mmHg error to a lOO-mmHg PCOi measure- 
ment The gap is set to the desired value during assembly by 
placing a shim of the correct thickness between the two 
windows (Fig. 9). By firmly clamping the windows to the 
shim w^hile the epoxy bond cures, the gap is formed. 

Processor Box 

The diversity of disciplines and requirements for the 
sensor's mechanical design is matched by the diversity of 
design challenges presented by the processor box. which 
performs the fallowing functions: 

■ Sensor motor control 

■ Sensor temperature control 



C2 




Cross-Section 
of Airway Adapter 
AJuminum Casting 






Rg. 9. To insure the proper gap between the two sapph^e 

Windows in the airway adapter during the curing of the epoxy 
adhesive they are held against a shim whose thickness is 
equai to the desired gap. The shitv fs then removed. 



m Sensor infrared source supply 
1 Sensor infrared detector amplifier 

■ Calibration of sensor 

■ PCOa computation 
m Altitude correction 

a Interfering gas correction 

m Sensor internal PCO2 correction 

■ End-tidal (peak] detection 

■ Respiration rale com pu tat ion » and 

■ Various display and system interface tasks. 

The first four functions are performed in the electricaliy 
isolated portion of the processor box. The sensor interface is 
isolated from chassis ground as a second line of defense 
against mitToshock ha?.ard to the patient (ihe plastic sensor 
case being the first). A dangerous situation can occur if the 
sensor cable shield or internal conductors become exposed 

iGontiriued ort page 11) 
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^g, to. Simpfffmd schematic of 
thB Mer-wheei motor speed con- 
tra! circuit. 
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Fabrication of the Sensor Requires Special Care 



Because of the small size o1 the sensor, normal assembty 
technrques are difficult to use Assembling the bearing used to 

support the titter wheel is an example. The constraints are to 
produce a !ow-fnction. law-nosse bearing that will survive the 
rigors of being mounted m a sensor that will be subjected to 
severe handling. Ins extremely important to maintam the location 
ofthe wheel axially and radially. Ifrhere is too much variation mthe 
position of thewheet as sensor orientation is changed, the oulpul 
wfll be affected. To maintain the oriemation-inctuced error of the 
sensor within acceptable levels, the radial play in the two bear- 
ings, one on each side of the wheel, is held to less than 10 ju.m. 
Axial play is held to less than 50 ^m, 

The normal approach tor buiSdmg an assembly such as thFS is to 
take Ihe two raw castings, assemble them and pm the two cast- 
ings so Ihat they can be disassembled and reassembled m 
exactly the same relative locaiton The bearing bo^^es are thers 
machined logether The castings are disassembled, the bearings 
inserted, the filter wheel is positioned eh place and the castings 
are reassembled. This procedure has a number of drawbacks. 
First, there Is insuftrcient room for prns. Second, because of the 
inherent lack o^ flatness and uniformity of the cassmgs. reassem- 
bling the casrings so that the bores wjII still be in line cannot be 
assured. Also, br the above technique to work, the bearing's 
ouEside and mside diameters must be held lo tolerances tjght 
enough that the bores m the bearings will fine up when the casting 
holes do This is not possible when sintered bronze bushings are 
used, Sintered bronze bushings were .selected instead of bait 
bearings for the sensor because they are more rugged and quiet- 
er 

The solution is to mount the unoijed bushings m the castings 
with a modified acryiic anae^-obJc adhesive. No pins a^e used to 
align the two castings. The assembly process requires two sepa- 
rate fixtures that are illustrated in Fig. 1 The first takes the two 
casting pieces, with the wheel and shaft captive m the bearing 
bore, and aligns the bearing bores. The bearings are noi yet in 
place. The four screws holding the castings together are then 
tightened. The second fixture is used to install the two bearings in 
the castings oneither side of the filter wheel. This fixture holds the 
wheel, bearings, and casting so that the ccrreci axial play is 
imainiained and the bearings are aligned, but the radial clearance 
between the shaft and the bearing is not reduced 

The problem that must be addressed es that the shaft may be 
bowed slightly, thus the filter wheel may not turn freely throughout 
its' full 360 degrees of rotation. By allowing the bearings in the 
castings to be self aligning with respect lo the shaft and biasing 
the wheel and shaft to one side with a specified stde load during 
the adhesive cunng cycle, the radial clearance is established and 
alignment between the shaft and bearings is assured., The shaft 
and bearings are supported by spring-loaded oins By pressing 
the bronze bearings firmly against the two jeweled ringstone 
thrust bearings on the filter wheel and elastically deforming and 
holding the casting during the cure cycle the proper end play is 
established when the casting returns to its unstressed state upon 
removal from the fixture. 

Other ponions of the sensor are designed to use ffxturing as an 
integral part of the manufacturing process. Fixtures are used to 
locate the infrared detfector and the four motor coils on the printed 
circuit board during assembly. The upper and lower case assem- 
bly technique atso uses fixtures to align components such as the 
sapphire wmdows dunng the bonding phase- 

The sensor requires two stable gas mixtures, each hermetically 



sealed in a transparent cell for use in the filter wheel. One cell has 
to contain an accurately determined, stable reference concentra- 
Uon of COi, the other has to contain only mirogen. The fabrication 
problem is two- fold. The tirsi is how to construct the cell such that 
acceptable hermetic'ty can be maintained, and the second is how 
to Ml and then seal the cell wdh an accurately determined con- 
centration of CO2 inside. The approach chosen bonas a sapphire 
window to each end of a metal cylinder. After a numlDer of tnals. 
the window-io-ring bonding method selected is a glass 
frit seal to a Kovar^'^ metal ring Other methods such as epoxy 
adhesives or brazing operations were either too permeable, thus 
allowing the gas conceniration to change, or too expensive. 

(continued on next pegci' 



~ Casting 



(a) 




^Bearing Bores 
Fixture Frame 



Load to Hold Bearings 
Against Wheel 



Load to Defiect 
Casting 051 min 




Stde Load on Wheei to 

Locate Bearings Radially 

with Respect to Shaft 



Adhesive 



(b) 

Fig. 1 . (a) This fixture design aiigns the beanng boreB m the 
deteciof assembty before the four screws holding the assem- 
bly togeiher are tightened, (b) This fixture design aiigns and 
ioads the filter wheei shaft and beanngs m the detector case 
assembly white the adhesfve securing the hearings cures. 
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Fitiing the cell and then sealing it ts Itm next challenge Usmg a 
filling tube brazed to the metal ring and closed tx^ crtmping was 
cumbersome and expenswa A radial hole tocated directly m the 
wall of !he hng »s ihe approach i^ed The ftllfng and seahng 
process is done by inserting a sofder preform loosely in the hoJe 
and then p^acsng m^ny filter cells m a sealing vessel The sealing 
vessel iS Um evacuated ano baked to remove residuai gas con- 
tamination Next, the vessel Is backfilled with the approprtate COi 
concentration and sealed The temperature fS then elevated past 
the solder melting point. The solder flows, sealing the hole Tne 
vessel is then allowed to cool slowly. The cells are renrioved from 
the vessel and measured to assure thai the CO2 concentratton 
contained in each cell ts withfn acceptable limits before they are 
mounted m the filter wrieel 



and the patient contacts the exposed wires. If at the same 
time the patient contacts a current source such as a defec- 
tive, electrically operated hospital bed. this second line of 
defense prex^ents more than 100 microamperes of current 
from flowing through the palifsnt to earth ground via the 
sensor- 
Accurate speed control and good dynamic response are 
necessary for the control of a somewhat unusual motor [see 
box on page d). Because the infrared beam Is modulated by 
the rotating filter wheel, it is necessary to sample the in- 
frared signal at just the right time. 

The periods when the infrared signal rises and falls are 
contaminated with light rays that have experienced multi' 
pie reflections from the sidewalls and edges of the many 
infrared components. This situation results in an error of up 
to one mmHg of PCO2 for each 50 jUS of sampling time 
change, in addition. dO and 60-Hz power-line fields can add 
to the signal noise if the sampling rate of the infrared signals 
is not controlled. The importance of the dynamic response 
of the speed control will be appreciated if it is remembered 
that the patient's respiratory efforts in part motion to the 
ventilator plumbing and thus the sensor. This motion can 
momentarily rotate the sensor housing slight ly with respect 
to the filter wheel, causing an apparent change in its rota- 
tional velocity. 

The circuit diagram in I'ig. 10 shows the motor speed 
control. Amplifier At and capacitor Cl form an integrator 
whose output is proportional to the flux change in the sense 
coils produced by the four moving magnets on the motor's 
rotor (the filter wheel]. Note that the output amplitude is not 
a function of rotational velocity. Resistors Rl and R2 form 
an attenuator which provides a low -level signal to Ql, a 
FET used as a controlled-resistor element. Amplifier A2 
supplies the motor drive coils. Amplifier A3 and capacitor 
C2, also connected as an inlegralnr. are re.'^punsible for 
keeping the dc output of A2 at zero volts- Four times each 
revolution a zero crossing of magnetic flux is detected by 
comparator A4. which then triggers Tl. The average value 
of TTs output is compared to a reference voltage set by R8, 
Any diiference between these two voltages is integrated by 
A3 and, through asample-and-hold circuit SI, the result is 
applied to the gate of Ql. Thus, if Tl is triggered too often 
iindicaltng a high .Hfteed) the gate ofQl will beadjusted in a 
negative direction, thereby reducing [he drive applied to 
the motor. Network C4-R7 compensates for the inertia ol the 
motor*s rotor* 



The lemperature of the detector assembly is another cril i- 
cal parameter that must be controlled accurately. Of all the 
infrared elements, the inlerference filter is ihe most sensi* 
tive. Small change in temperature cause the filter's center 
wavelength to change sufficiently to alter the COi mea- 
surement. A straJghtforward therm is tor-amplifier- heater 
circuit, heavily compensated for therma] lag. is used. 

One feature of the temperature control is the placement of 
the temperat ure sensor (a thermistor] and the heater retati ve 
to the infrared filter (see Fig, 11). In a typical analog heater 
control, variable gradients occur between the heated area 
and the thermistor in response to thermal load. As heat is 
removed from the system, the thermistor will cool below a 
desired temperature and the heater will be turned 00. Be- 
cause the system has finite gain, the area near the heater will 
get much warmer due to the increased heat input while the 
thermistor is still cooling, hi this particular case, with the 
filter betvif^een the thermistor and the heater, a system gain is 
chosen so that temperature changes at the filter are mini- 
ma L providing the filter with optimal temperature control 
and therefore minimizing the temperat ure sensitivity of the 
sensor. 




{•) 



Heater 




Infrared Bandpass Filler 
(^^ ( Sen stttve Component) 

Fig. 11, (a) Photograph of the infrared detector assembty 
showing the filter wheel and m frared filter on the (eft and the 
printed circuit board with the motor cofts and infrared detector 
on the right (b) Infrared filter temperature variations are 
mimmtzed by locating the thermistor and heater for the filter's 
temperature controi on opposite sides of the filter as shown. 
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An End-Tidal/Respiration-Rate Algoritlini 

by John J. Krieger 



One of the features of the 4721 OA Capno meter, when used with 
an airway adapter, fs the generation of derived parameters: respi- 
ration rate, end-tidai PCO2, and inspiratory mtnimum PCOa. The 
main purpose of The capnometef is to measure a carbon-dioxide 
pariial-pressure wa\^eform accurately and precisefy The 
waveform itseif is useful for diagnostic purposes, but most cap- 
nometef users are interested in the paramelers derived from the 
PCOs waveforin. In the 4721 OA the microprocessor controlling the 
capno meter also analyzes the PCO? waveform and derives these 
desired parameters. 

Simply speaking, an airway PCOs waveform looks like a dis- 
torted square wave (see Fig. 1) The waveform increases to a 
peak value at the end of each breath cycle; this is called the 
end-tidaf (ETCO^) vafue In patsents thai do not have chronic 
obstructive lung disease, the ETCO2 value very closely approxi- 
mates the PCO2 level in the artenai btood. 

Some CO2 analyzers on the market attempt to denve an ETCO? 
value from a PCO^ waveform by uscng analog circuitry and per- 
brming a simple peak-finding function. This may work fine for 
normal waveforms, but most real PCO2 waveforms contain notse 
and waveform artifacts caused by the patient coughmg or moving 
(or crying in the case of children) or by ventilator waveform distor- 
tion. For example, amplitude vanattons can be caused by intermit- 
tent mandatory ventilation (IMV) IMV is used where patients usu- 
ally car^ breathe on their own, but occasionafly need help by 
forced ventilator breathing. Under the.se conditions a simple, 
analog peak-finder does not perform very well in deriving accu- 
rate ETCO2 vaEues. 

To develop the end-tidal/respirat ion-rate algorithm for the 
4721 OA Capnometer. many field trials were performed at several 
hospitals internationally At these trials, PCO^ waveforms were 
recorded on magnetic tape from many patients with a variety of 
diseases and a variety of ventilators — including operating room 
ventilators. The dozens of hours ol recordings were digitized and 
stored on a computer disc file for easy random access. An al- 
gorithm; development system was programmed on an HP Model 
9845B Desktop Computer with CRT graphics, A proposed end- 
tidal algorithm was entered into the 9845B, Then, a vanety of real 
patient PCOs waveforms was retrieved from the disc file to test r he 
proposed algorithm. The waveform and the derived parameters 
were displayed on the CRT screen. The algorithm was then 
evaluated for effectiveness and modified to achieve best perfor- 
mance Once the optimum aigorilhm was achieved, it was coded 
into microprocessor assembly language for use in the 4721 OA 
Capnometer, 

The end-tidal/respiration-rate algorithm has several require- 
ments. Not only does it have to fjnd the minimum and maximum 
PCO2 artd the period between breaths, but it also must recover 
from all possible error conditions. The error conditions may be 
caused by a variety of sources: initial instrument warmup tran- 
sients, pseudo-COa waveform glitches caused by electromagnetic 
interference (EMI) from eleclrosurgery devrces. changing the 
CO^ sensor from one patient to another, patient breathrng artifacts 
(coughing, crying, sighing, long periods between breaths, or 
resisting the ventitatorj, and ventilator an:ifacts caused by poppet 
\/alves. tubing elasticity, trapped water, pulsation, et cetera. Nor- 
mal people have ETCO^ values of about 40 mmHg. Patients with 
chronic obstructive lung disease may have ETCO2 values in ex- 
cess of 90 mmHg' 



The problem of extracting the ETCO? from a patient on a ven- 
tilator under intermiittent mandatory ventilation proved to be dif- 
ficult. In that situation, the question becomes "which waveform 
peak is the ETCO2?" An IMV PCQ2 waveform ensemble contains 
several ETCO5 peaks of varying amplitude. The forced ventilation 
breath usually produces the largest ETCO? value and the several 
intermediate and weaker voluntary breaths produce ETCO2 val- 
ues of decreasing amplitude. This is probably because rhe forced 
breath is effective and the shallow, voluntary breath is less effeo- 
tfve and represents the rebreathing of a larger fraction of tubing 
dead -space. In the transition stages when a patient on IMV is 
getting stronger, the paiient"s voluntary breath ETCO^ values are 
about the same as the forced breath EJCO2 values. 

Sometimes the PCOz waveform is meaningless and no reason- 
able ETCO2 or respiration-rate derivation can or should be made, 
In this case, an error message is displayed on the 4721 OA front 
panel to indicate something is wrong with the quality of the data, 
Thss can alert the nurse or physician that a patient or ventitator 
problem exists. 

The final algorithm has some resemblance to its analog pre- 
decessors m that it IS the digital equivalent of a low-pass filter A 
low-pass-filtered waveform is used as an adaptive threshold for 
determining when a maximum (end-tidalj or minimum (inspiratory 
minimum) PCOz value has occurred. The digital algorithm then 
makes waveform feature decisions based on time window 
criteria. The time windows are also adaptive and are updated 
based on the patient's past breathing history. This type of filtering 
in both the time and frequency domains is very difficult to do with 
pure analog circuitry. 

Actually, two low- pass-filtered threshold values are computed, 
The mean PCO2 value is the !ow-pass-filtered result of the instan- 
taneous PCOg waveform and has a time constant of about 60 
seconds. The peak-to-peak index is a measure of the deviations 
of the fnstantaneous PCO? waveform from the mean PCO^ value. 
This second value is analogous to the amount of ripple in the 
output of a full- wave rectifier circuit and also has a time constant of 
about 60 seconds. The peak-to-peaX index is scaled down and 



Med I urn- 



End-Tidal PCO; 



Instantaneous PCO 
Low-Pass ^^ 




Medium-tO'High 
Transrlions 
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Fig. "I. (3) Partial-presBum CO 2 waveform. Each putse cor- 
responds to one breath by the patient. The capnometer 

software afgorithm derives the mediarn-to-high (b) and fow- 
to-medium fc) waveforms to determine respiration rate and 

etiminate artifacts. 
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used to cfeaie a fiysteresis band about the mean PCCfe vatue. Two 
thres!x>ld leveis are dertved as tbilows: 

Threshoid (HI) = mean -^ (peak-to-peak tnc^BuVA 
Threshold (MED) = mean - {peai«-io-peak mdexV^ 

The instantaneous waveform is divided into three sectjons: taw, 

- edium, and htgb (see Fig 1) By counting the t ran s^t^Qn$ from 

* e regcMi to another, the t^asic Drealh cycles can be deter mined 

The tfme interval required to oomptete a cycle (tow-mediunrv 

higfvmediiim- tow -medium) determines the respffaJK}n mtervaJ 

Usjng thethree-secoon approach helps reduce false end-ttdal 
vafues caused by artifacts of a patient resisting a venfiiator ad- 
justed for mtermittent positive pressure ventilation (IFPV). IMV, or 
other causes A window of minimum time m the high and law 
regjons is computed from the respiration rale Transittons that 
occur fn less than the minimum window time are defined as un- 
desirable artifacts in the PCO2 waveform Detection of such a 
result IS displayed by an error message on the front pane^ This 
error condition is cleared as soon as a good, artifact-free wave- 
form IS detected 

Once the PCO2 waveform is judged to be in the high regton, the 
end -tidal value as selected to be the highest quick- average value 
within that region betore the PCO? value drops to the medium or 
low regions This quick-averaging wfdth is proporttonal to the t^me 
window, which is computed from the respiration- rate information, 

The determination of the inspfratory minimum vafue ts identical 
to that for determining the end -tidal value except that the point of 
interest, of course, is the minimum value in the low region |ust 



before the PCO2 vaue c r ^ei '.z re -^^lum reg»on 

Some averaging ot breath intervals is done to obtain a less 
erratc respiration- rate display. Moving averaging is dor^ on the 
last SIX brealn-!o-breath intervals All stx breaths are equalty 
weighted After an apnea (thai is, no breath cycles for more than 
30 s^ionds), a break m breathing is delected and an a^arm is 
init^ted When breathing resumes the algorithm accumulates 
good breaths as they come m ano averages those accumuiated 
until there are six new values and then the afgorithm frames 
norm.a^ averaaing. 
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Since the relative magnitudes of the alternating infrared 
signals are compared by the digital processing th^t follows, 
it is not important to maintain a constant infrared source 
output. A simple dropping-resistorscheme adequately con- 
trols the power delivered to the source element. With the 
dropiiing resLstor equal to the nominfjl infrared source re- 
sistance* changes of Z to 1 in source resistance claused by 
component variation and aging produce only an 11% 
change in source power. This is more than adequate to 
maintain sufficient signahto- noise ratio and source 
lifetime. 
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Fig. 12. Bming and ampfitication Qircuit tor the inffamd 
detector. 



The infrared detector used in the sensor is a lead-selenide 
phot ocon duct or with a nominal dark resistant.c of 40 () k*l 
This resistance varies about ±50"^ from device to device* 
However* the infrared energy reaching this detector causes 
only about 0. 1 5% change in its rfi.si.'^tance. Si nee this change 
in resistance must be rtisolved t<j at loast l^-bit precision, it 
is apparent that quiet, accurate bias and amplifier circuits 
are required. l*'ig. 12 shows a circuit diagram of how these 
requirements are met. 

Resistor Rl suptilies ion ^A to the .summing junction of 
amplifier AL tender dark cundilions (no incident iJifrared 
radiation], the bias voltage applied to one end ot the detec- 
tor is adjusted to remove the 100 jU.A supplied by Rl. Any 
change in the detector current Oriws through R2* provided 
of course that A I has enough gain lo keep its summing 
junction M zero volts. Since inf rarer! energy causes a de- 
crease of the detector's resistance, Al's output is positive- 
going for increasing infrared intensity- Once each filter 
v^'heel revolution, an auto/ero control circuit causes FET 
switch QHo close for 600 ^s. Any output voltage from Al 
causes a current in R3 which, via feedback around A2, is 
forced to flow in capacitor CI, Therefore, after each revolu- 
tion the charge on CI i.s updated to cancel the error seen in 
ATs nutinil. A2's output is applied to the control input oi a 
current generator 1 which is adiusted eacli wheel revolution 
to make the detector current approach the current in Rl. 
Capacitor C2 has two important functions^ first, it filters 
out any noise produced by the active current sourf;e L Sec- 
ond. C2 appears to the detector to be a voltage source during 
the short time required for one wheel revolution. ThuK all ot 
the small-signal detection-current changes How into ATs 
summing node. 

With the five functions of motor control, temperature 
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Fig. 13. Block dmgram of the digital eJeclromcs sectfon in the 
processor box of the 47210 A 

controL source power controL detector bias and umplilica- 
tion accomplished, the sensor output is suitable for conver- 
sion to digital form for further processing. The sensor's 
analog output waveform is prf^scaled by one of four possible 
gains in a preamjjlirier. The gain switching is done via 
control from die microprocessor and allows the anaiog-to- 
digital (A-to-D] converter to Function as a fixed -point 14-bit 
A'lo-D converter, thus minimizing unused bits. This pre- 
scaled wa vef or m i s c o n ver te d t o f o u r s am p ! ed values c o r- 
res ponding to thft three filter- wheel-cell readings plus one 
dark reading, The triple-slope A-to-D converter is triggered 
to sample theappropricite 248-jLts-wide pulse ofthe infrared 
output waveform by the motor sense-coil signal. The four 
14-bit words are transmitted serially to the grounded elec- 
tronics portion of the processor box by an optical coupler 
[Fig 2]. 



Digital Processing 

Tlie 472 IDA Gapnometer's processor box contains mi- 
croprocessor eieGlronics to perform all the magic needed to 
convert the stream of digital data from the sensor to mean- 
ingful physiological data. The digital electronics (Fig. 13) 
consists of a microprocessor, volatile random-access mem- 
ory [RAM). 12K bytes of program read-only-memory 
[ROM], a nonvolatile electrically alterable ROM (EAROM). 
input logic, and logic to output information to the user. The 
output information consists of front-panel numeric dis- 
plays for GO2 and respiration rate parameters, front-panel 
light-emitting-diode (LED) annunicators such as alarm 
lights, rear- panel analog outputs driven by a digital-to- 
analog (D-to-A) converter* and other rear-panel output sig- 
nals which are used when the capnonieter is connected to 
an arrangement of other bedside monitors. 

The microprocessor (MPIJ) receives command sequence 
information from the program ROM. The MPU activates its 



various system components to perform several tasks neces- 
sary to convert the digital data into FCO2 and otlier derived 
parameters. A main program (see Pig. 14) performs most of 
the major tasks. 

When electricaj power is first turned on, each ofthe MPU 
system components is tested for functionality. A checksum 
test is performed on each of the three program RO.Ms. If a 
ROM fails this testn a message indicating its printed circuit 
board location is displayed on thecapnometer's front panel. 
The volatile RAMs are tested by a checkerboard RAM test 
pattern. The EAROM* the programmable interface adapter 
(PIA), and the key board 'display scanner devices are also 
tested by appropriate algorithms. Again, if any device fails 
its test, its printed circuit board location is shown on the 
display. If nothing is defective, the main program continues 
by initializing all the RAM data structures and I'O devices. 
The main program then awaits the data-available signal flag 
before continuing. 

This wait loop can be interrupted by hardware when a 
high-priority, real-time event (such as when an A-to-D con- 
version is completed) needs attention. When an I/O device 
(such as an A-to-D converter) requests service* the main 
program is stopped and its state is stored so that it can be 
restarted later when the cause of the interrupt has been 
serviced. The MPU then vectors to an interrupt service 
routine that identifies the source of the interrupt and per- 
forms the appropriate action. The interrupt may be due to 
one of several causes (see Fig, 15), 

The non-maskable interrupt (NMI) is reserved for instru- 
ment servicing. In this case, a test loop generates a stabie, 
synchronous digital pattern needed for digital signature 
analysis testing. This makes it possible to test field failures 
down to the componenl leveL 

The maskable interrupt (IRQ) can be activated by the 
A-to-D converter, the 100-Hz real-time clock, or the 
keyboard/display scanner chip. When the IRQ is activated, 
its service routine polls the I/O devices to determine the 
cause ofthe interrupt and then the appropriate I/O device is 
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Fig. 14. Ftow chart of the main control program for the cap- 
norr^eter. 
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Fig. 15. Flow Chan of ^e $ubroutine used to dBtefmine the 

source of an interrupt, 

serviced. If the A4o-D converter is the cause, a digital value 
and status bits are collected. The data-available fia^ is set by 
the A-to-D service routine on ly when all I he elements of tha 
A-to-D message have been collected from four revalutions 
of the transducer's filter wheel. The real-time clock inter- 
rupt is used fur lime- related computations, such as convert- 
ing a CO5 waveform breath-to-breath interval to respiration 
rate (breaths per minute), I'he keyboarddisplay scanne?r 
chip triggers an interrupt whenever a front-panel sv^;itch is 
pressed. This isi important because the user may wish to 
change the operational state of the capnoineter and a switch 
interrupt avoids the mrml to injll all switches constantly. 

When the main prugrfim receiveiJ the data-available sig- 
naJ* it processes the packet of digital data. This data, along 
with transducer calibration information previously stored 
in the EAROM is transformed into partial pressure of 
CO2. This is made possible by a series of mathematical 
functions that include multiplvn divide, square root, and 
exponentiation. 

The basic CO2 calculation described in the box on page 12 
is only the next step leading to the PCO2 and respiration rate 
display. After the PCO2 h calculated, corrections miLst l^e 
applied to compensate for the various interfering parameters* 

As w^as mentioned earlier, the sensor is influenced by 
effects other than lust the partial pressure of CO: in the 
sample. Total pressure (altitude) as w-ell as the presence of 
gases such as oxygen, water vapor and nitrous oxide also 
affect the amount of infrared absorption. The effect of al- 
titude was determined empirically on the static station de- 
sc;ribed in the box on page 19, Tliis was done by measurinj^ 
the sensor output for different total pressures while main- 
taining a constant partial pressure of CO2. The static station 
v^as also used to measure the effect of interfering gases (see 



box on page 161. Algorithms that perform the compensation 
routines for these errors are incorporated into the proc^sor 
box film ware. 

Altitude Correction 

The total pressure effet:t on the measurement is handled by 
the instrunient and does not burden the operator during 
use. The insirumeiit is programmed to compensate for the 
line-broadening effect on the measurement caused by dif- 
ferences in total gas pressure. At elevations other than sea 
level, the instrument will remain calibrated when properly 
set via internal rotary switches. 

It is desirable to enter altitude instead of average total 
pressure for instrument calibration. This makes the initial 
instrument setup easier. The equation relating total pres- 
sure to elevation is 



BAR PRESS = 760 exp 



-3,a94x \ 



282-0. 



492x7 



where BAR PRESS is the average barometric pressure in 
mmHg and x is altitude in hectometres, A lookup table is 
used to store fourteen constants relating sen.sor error to the 
PCO3 measured at each of the 5tJ possible altitude settings (0 
thru 49 hectometres). When an altitude setting is entered, 
the 14 corresponding constants are used to generate a 
piecewise-linear approximation of the appropriate correc* 
tion curve. A linear interpolation is done between adjacent 
points evei^-^ 100 ms [at each PCO2 calculation) an da correc- 
tion constant (Al.TK) is determined. The actual PCO2 is 
calculated from the following relationship; 



PCO2I 



1 



QctuaJ 



(3-ALTK) 



PCOi 



\ measured 



Interfering Gas Compensation 

The fintil ccnectiun fu^p^^i^d to the PCO2 computation 
compensates for the errors caused by interfering gases (see 
box on page 16). Since the instrument is calibrated on a 
binary carbon dioxide and nitrogen mixture. I he f|uestioti is 
how to allow the operator to reduce the effect of the inlerfer- 
ence to acceptable limits and not compromise ease of use. It 
seems appropriate to allow the microprocessor to perform 
the correction computation, so the problem becomes one of 
simplifying the data entry. Three assumptions were made: 

1. The expired gas is saturated with water vapor at 33X1. 

2, The expired oxygen partial pressure [PO2I is related to 
the inspired pressure by the following; 



"^^ [expired "'■'^ 1 inspired 



PCO2 
0.8 



and the minimum inspired PO3 is 21%. 
3. When nitrous oxide Is used, it is administered in abinary 

mixture with oxygen in concentrations from U% to t>5%. 
Three pushbutton switches on the front panel are used to 
implement the nitrous oxide and oxygen corrections. The 
first is for nitrous oxide compensalion, the second is for 
oxygen concentrations between 2 1% and 50%»and the third 
pushbutton is for oxygen concentrations greater than 50% 

(CDminuBd on iiiatjG lB|i 
SCPTEMBER 1081 HEWLEn- PACKARD JOURMAlIS 



)Copr. 1949-1998 Hewlett-Packard Co. 



In-Service C©2 Sensor Calibration 



by Russefl A. Parker and Rodney J, Sofomon 



The success of the 472 10A Capnometer is very much depen- 
dent on the ease of use of i.he t4360A Sensor. The deal situation 
fs achieved wftti a completely interchangeable sensor. However, 
because of differences in mlederence filters, zero and reference 
cell gas filling, infrared alfgnment and some other vanahies. each 
sensor, when used with a different 472 10A, nnust be caEibrated 
against a gas standard to achieve the desired measLjfemenr 
accuracy. This standard is the gas-cell calibration stick. Its valid- 
ity IS based on a major assumption [hai, wiJhin limits, all sensors 
will look alike to the processing algorithm in the 4721 OA af!er 
caNb ration on I he zero and 55 mmHg gas ceils. The detector 
signal must therefore be processed in such a way as to generaEe a 
standard response curve, the values of which relate in some 
known way to the partial pressure of carbon dioxide (PCO^}. 

The infrared system requires that the signal always pass 
through the sample. To avoid errors caused by source and detec- 
tor output changes, signal path biockage, etc., the detecior's 
output (VR) while a reference gas cell filied with approximately 
160 mmHg of CO^ is in series with the sample is compared to the 
detector's output (VS) when a zero cell containing no CO2 is in 
series with the sampte These cells are part of the filter wheel 
assembly in the sensor. The ratEo VR:VS is called Q. As CO5 gas 
fills the sample volume, VS decreases more rapidly than VR Q, 
therefore, increases (Fig. 1). 

The capnometer sensor uses an infrared bandpass lilter in 
series with the infrared beam The passband of this filter is of 
suliicient width to allow the energy not absorbed by many of the 
discrete lines of the infrared absorption band to pass through to 
the detector (sae boy on page 4). At the concentrations of interest 
and given the sample path length tfie relationship between Q and 
PCOs. will not be a simple exponential as is descnbed by Beer's 
Law.^ If Beer^s Law held. Q would be constant regardless of the 
sample concentration, and the series path scheme used in the 
capnometer would not work 

The task then is to find an expression for Q versus PCO2 which, 
when calibrated at only two points, will still represent the response 
for any given sensor within allowable tolerances, To accumulate 
the needed data, special sensors were designed and built to 
allow rapid changing of each infrared component A matrix of 
expenments was performed on the static station (see box on page 
19) with infrared components at tolerance extremes, After 
a number of trials, the lorm of the equation used to retate Q to 
PCOa Is: 



S^ 



(Q-D)" - (Qq-D) 

{Q^.^-Df - [Qo-of 



where PCO2 is a function of S. This function is a second-degree 
polynomial where Q is the Q at a given PCOj from the data set. E is 
a variable incremented by 0,5 from 0.5 to 4 5, Qq and Q55 are the 
sensor Q values at and 55 mmHg COe, and D is found from the 
following equation: 

D = AQn + BQ55 + C 

where A, B. and C are variables derived by a curve- fitting 
routine. D is a modifier ot Q that attempts to remove some of the 

* Beer's Law stales LHal ihe abSofption o( (igW by a sohiion ct^anges^fiponeriTialiy with 
Etie cfjrtcermarion of rhe soJuJjon ii no ottie^ 'sclOfs chsrvge at irts same hrue 




100 



PCOb 
(mmHg) 



Fig. 1 . The relative ampisludes of ihe VR ana VS portions of 
tiie tnfmred detector autpuf waveform (Fsg 6 on page 6) vary 
witii PCO2 ievel as s^owrr. = VR.'VS. 

differences between sensor responses by compensating lor the 
actual Qq and Q55 values 

A general multiparameter least-squares curve- fitting routine^ 
was used to relate S to 0. The goa) was not 10 linearise S, but 
rather to minimize the differences between various sensors tor S 
versus PCO2 (see Rg 2), The routine was allowed to determine 
the coefficients A, B and C for optimum similarity of S at each value 
of E used. Weighting factors were employed to force curve S to 




S5 100 PCOstmmHg) 

Fig, 2. Plots of S versus RCO? level for vanous sensors. 
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Rg. 3, Rfots of the error in the uf}compensated PCO^ value 
caused by the presence of vanous nitrous oxide and oxygen 
concentrations. POz is Ihe inspired O3 pressure in mmHg and the 
balance of trte gas mixture is A/^O for each cun/e. 

remain in a regfon where, essentialty, the data has the greatest 

slope between points. One unacceptable soJution to coefficients 
A, B, C and E forces S to be zero at all points Similar for all sensors 
yes, but this value of S can hardfy be configured by a second- 
degree polynominal to yield PCOs, A further constraint is that COa 
can be generated inside the sensor for a variety of reasons- 
Tlnerefore, the data for all sensors was shifted to simulate 5, 10, 
and 15 mmHg of internal COs 

The result is that interference filter ^/anaitons can be effectively 
eliminated by the ^"Q-D" equation. The internal COa problem is 
minimized by selecting the proper value of E^ its most sensitive 
vanable, and finding A, B and C for opttmum simllarrty 
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Rg. 4, Plots of the error in the uncompensated PCOz value 

causes/ by interference from various oxygen ooncentrations 



120 140 



Measured PCOa^mmHg) 

Fig. 5. Plots of the error in the uncompensated PCO2 value 
caused by the presence of vanous water vapor pressures, 

Findrng a value for E that minimizes the effect of mternai CO2 is 
only half the solution. This internal CO^ concentration is not stable, 
because it varies with time and sensor temperature To eliminate 
the effect of varying C0^ in the sensor, a third fiole is used m the 
filter wheel. This third fiole is an open chamber that is used as an 
alternate VS cell to measure the detector's output VH not only 
as a function of COz in the sample chamber but also as a func- 
tion of C0^ inside the sensor, A new Q value, labeled U, is cal- 
culated from the VR:VH ratio. The normal Q, using the sealed 
cell, and U, using the open chamber, are compared to yield 
snformation about the con cent rat ran of COs mside the sensor. 
During calibration a Uq value and a Ui^c value as well as the Qq and 
Q55 values are stored m an electrically alterable read-only 
memory (EAROM) in the 47210A, 

The sensor housing PCO? index PH is the difference between 
the PCOs calculated from theQ channel and that calculated from 
the U channel. It is assumed, due to the integrity of Ihe sensor 
sealing, that the change in internal CO2 will be stow. Therefore, 
whtle Q and U are calculated by the 4721 OA every 1 00 ms, PH is 
heavily filtered to provide a stable internal CO^ reading, If PH is 
greater than 0.5 mmHg CO2, the CO2 values from both the Q and 
the U readings are used to sofve a quadratic equation for the 
actual sample PCO?. If PH is greater than 2 mmHg, an error cade 
is displayed by the 472 10A indicating recafibration is necessary 
to rezero the Q and the U readings This entire scheme compen- 
sates for changes in either direction. Namely, the system works if 
the sensor ts calfbraied with CO^ inside and drifts low afterwards 
or If the sensor is calibrated and then CO2 accumulates mside. 

Two coefficient sets (A, B, C) are used for Q. one lor PCOa less 
than the calibration point and one for POO? greater than the cali- 
bration point. They are substantially different, and optimize the (perfor- 
mance throughout the O-to-IQO-mmHg range Two sets of coeffi- 
cients for U are also used- The remaining major variable, refer- 
ence cell fiHing, need be controlled only within moderate toler- 
ances during manufacture. 
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Thefinaltask is to characterize the sensor response lo interfer- 
rng gases. Gases such as water vapor, oxygen, and the anesthet- 
ic nitrous oxide, can be present in the gas sample to be mea- 
sured The sensor Is calibrated by using a binary CO2- nitrogen 
mixture to avofd any possible chemical reactrons in the calibration 
cells This means that when a gas other than nJErogen is in the 
sampfe. and causes a change in the measured CO3, ii will contri- 
bute to the overall system error The task then is to characterize 
Ihe sensor response so that the processor box can compensate 
for that added error. This errorshould be consistent from: sensor to 
sensor Verification of Ihis was necessary. An empsncal approach 
was taken. The special sensors discussed earher were used on 
the static station. The sensor was first calibrated using binary 
mixtures oi CO2 in nttrogen. Next amixture was introduced into the 
static station with the same CO3 pahial pressure but with some 
amount of intedering gaS- Data was aecumulated m this manner 
tor a number of transducers with varying amounts of interfering 
gas and CO?. 

Figs 3, 4 and 5 are plots of this data and show the PCO2 
measurement errors that would occur if some form of compensa- 
tion was not used The processor box in the 472 10A uses a 
compensation routine derived from I his data to reduce these 
errors. The user simply specifies the presence of interfering gases 
by pressing the appropriate correction factor pushbuttons on the 
rront panel of ltie472lOA 
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of the inspired gas. These switches select any one of tive 
possible compensation states. With no bulton^^ engaged , the 
iastmment assumes standard conditions and a correction 
for 21% inspired oxygen and saturated water vapor is im- 
plemented. This compensation is a simple factor applied to 
the measured value. 

The compensation for O2 concentrations greater than 
21% and 50% is also a simple factor. The value chosen 
minimizes the error in each band, Thus, at one specific O:^ 
inspired concf^ntralion in each range, the added error due to 
interfering gases is nearly zero. A similar approach is taken 
for nitrous-oxide-plus-oxygen inlerferenceH the difference 
being that instead of a straight-line error compensation, a 
second-order polynomial compensation is used to fit die 
error characteristics of the sensor response to nitrous oxide, 
oxygen and water vapor more closely. These correction 
factors are only implemented during the operational 
modes of the instrument. When the calibration stick 
supplied with the instrument is extended, the processor box 
assumes a calibration check is being performed on the CO2 
and nitrogen-filled calibration cells. Thus no interfering 
gas or altitude compensation is performed. 

Calibration 

The goal of providing an instrument that is easy to use 
and calibrate rests partly on the software and partly on the 
hardware. The two-point calibration scheme requires two 
stable, known reference concentrations to be introduced 
into the sample chamber one at a time. The microprocessor 
must also he informed when each reference is present. The 
scheme uses two calibration cells similar to those used in 
the sensor's filter wheeL one filled with nitrogen and one 
filled with aCO^-in-nitrogen mixture. This COj-in-Ni mix- 
ture is used as a stable reference concentration. The calibra- 



tion cells are considerably lart^er and liave thicker windows 
but otherwise they are similar to the cells in tlie sensor's 
fitter wheel. The thicker windows help the calibration cells 
survive the rigors of handling during calibration. The two 
cells are secured in a ghiss-Hlled polycarbonate carrier [the 
calibration stick] attached to EhR front of the processor box. 
In addition, there are two momentary pushbutton switches, 
one associated with each cell, to allow the operator to inform 
the processor box when the sensor is in place over that 
calibration cell. The system is cal tbrated when the sensor is 
changed or if the system has drifted outside the prescribed 
bounds. *I o calibrate the instrument, the calibration .stick ks 
extended [Fig. 16) and the sensor is first placed on the 
calibration stick over the zero colk which contains only 
nitrogen. The associated button is pressed and the display 
shows LO CAL. After an internal delay of approximately 1 V2 
minutes to establish thermal equilibrium, the PCO2 display 
will read 0. This shows that the first calibration point has 
been entered into the EAROM in the instrument. Next the 
sensor is placed over the nitrogen-and-CO^-filled cell and 
its pushbutton is pressed. The display shows HI CAL for 
three minutes after which it shows the same value as is 
stamped on the calibration stick (55. 2 in Fig. 16). This 
indicates that the second calibration point has been stored 
in theEAl^OM. The system is now calibrated and ready tor 
use. This simple, foolproof scheme alloivs the operator to 
check the instrument accuracy or calibrate the instrument 
without using any other equipment such as gas bottles and 
their associated plumbing. 

The corrected waveform can be processed to get useful 
respiration parameters: respiration rate, end-tidal PCOj, 
and inspiratory minimum PGO2 [see box on page 12]. 
These parameters can be tested against alarm limits to sig- 
nal a doctor or nurse of an imdesirable change in the patient^s 
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Making Accurate CO^ Measurements 

by John J. Krteger 



One of I he requirements of developing any fundamefiat mea- 
surement, such as the partiaJ pressure of carbon djox^de. is an 
absoiuie standard That is. what iS truth m the corrtext of COa 
exhaled by a patienf^ Gtven a sensor that can measure CCk level 
changes it is necessary to caiibrate its response against ti^uth ' 
The proDiem is complicated by several vanabtes that atfeci the 
CO? measurement. 

■ Total tjarometric pressure (or altitude) Measurement interfer- 
ence can come from other gases such as oxygen, water vapor, 
nitrous oxide, and other anesthetic gases commonly used \n a 
medjcal environment 

■ Charles' and Boyles" Gas Laws {PV=nRT) govern effects 
caused by changes in environment, gas temperature and 
sample gas ftow rate 

■ Optical and mechanical tolerances can accumulate when in- 
ter changing system components 

■ Long-term drift (aging) of system components. 

One way to calibrate and verify performance of the 4721 OA 
rnslrument is to measure many CO^ samples with ail of the possi- 
ble variations and combinanons lasted above by both a 472 10A 
system under test and a Known perfect COz sensof . An aJgoritnm 
could be developed relatmg the 4721 OA system and the perfect 
sensor However, the perfect standard CQz sensor does not exist, 
Even a fairly good one doesn't exist. The development goal is to 
make the 4721 OA more accurate and stable than any other medi- 
cal sensor This requires the COz standard to be at leas! ten times 
better than the 47210A accuracy and stabtlity goals. Even 
analyses of gas bottles supplied by the U.S. National Bureau of 



Standards (NBS) are Jess accurate than what is needed 

Instead, we use an indirect but more precise technique that 
uses different partial pressures at constant volume and tempera- 
ture Although the NBS cannot cenity gas samples accurately 
enotigh they can certify pressure and temperature very accu- 
rately Given a fixed volume and PV^nHT. very accurately kriown 
COa mTxtures can be made A custom, automated static gas 
station was built and is used to test, calibrate, verify, and manufac- 
ture the 472 IDA Capnometer 

The sialic station (Fig 1 } consists of- (1 ) a statnl ess-steel mixing 
chamber. (2) an i sol her mat crrculating-wateriackei. (3) an array of 
solenoid-controfted valves, including a precision, electrically op- 
erated, analog mi>?ing valve and a pneumatically operated purg- 
ing valve, (4) a custom interface Pox to control the valves. (5) an 
ultra-accurate MKS Inc. manormter which is read by an HP 3455A 
Dtgital Voltmeter. (6) one or more 472 10A processor boxes to 
function as analog-to-digital (A-to-D) converters for the one or 
more 14360A Sensors, and (7) an HP 9825A Desktop Computer 
as the static station s system controller. A series of HPL programs 
was written to run the static station. 

The static station system was run over a period of several years 
to mix and record thousands of CO2 sample calibration points. 
The results are stored on magnetic tape or disc media fof analysis 
and algorithm development. 

The construction of the static station system was an engineer- 
ing project m its own nght involving several engineering disci- 
plines, mechanical, electrical, and software. The heart of the stafic 
station IS the stafnless-steel mixing chamber, The mixing chamber 
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Fig. 1. Block diagram of the static station devetoped by HP to catibrate the 47210A 

Capnometer 
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has several openings to external devices; the MKS Inc manome- 
ter, the 5-cm-d3ametef high-vacuum purge valve, !he analog mix- 
ing vatve, and one or more 14361 A Airway Adapter chanibers 
The 14360 Sensors to be calibrated are placed on the airway 
adap!ers and connected to ihe 4721 OA processor box which is 
used as an A-to-D converter. A special HP- SB interface board is 
attached to the 472 10A to allow direct reading of its A-to-D con- 
verter by the 982 5A Computer 

The mixing chamber is filled with various gas mixtures by the 
analog mixing valve M whsch receives one gas at a time from a 
manifold, The manifotd is filled with either 100% carbon dioxide, 
nitrogen, oxygen, nitrous oxide or oEher commonly used 
operating-room anesthesttc gases, The desfred fraction of gas 
partial pressure is let into the mixjng chamber. The mixing valve is 
then closed and the manifold is evacuated through the purging 
valve P Then a different gas can be let into the evacuated man- 
ifold without fear of gas cross-contamfnation. 

The mixing chamber is constructed of stainless steel to avoid 
possible chemical reactions with the gas mixtures (at one time we 
mixed in water vapor as one of the gases and we didn't want the 
mixing box to rust). Stainless steel, however, is a poor thermal 
conductor. For reasons that wrll be discussed later, the mixing 
chamber has to be kept at a constant temperature. This is done by 
completely surrounding the mixing chamber with an aluminum 
water jacket. A precision temperature controller and a circulating 
pump are coupled to the water jacket Constant temperature is 
more important than accurate temperature in this application. 

The airway adapters used in the static station are constructed 
specially to eliminate variability and assure that the accumulated 
data reflects nominal condftions. 

A desired gas mixture sample point is orchestrated by the 
9825A Computer by the proper sequencing and timing of the 
various valves, As an example, suppose we want to make a 
sample point of 55 mmHg CO?, 50% nitrous oxide, 21% oxygen, 
and the balance nitrogen to make a total pressure of 760 mmHg 
(sea level). The control sequence ts as follows' 

1, Vent mixing chamber for three minutes (valve V). 

2, Purge manifold for one minute (valve P). 

3, Let COa into evacuated mantfoid. 



4. Fill mixing chamber until it has a total pressure of 55 mmHg 

5. Purge manifold for one minute (valve P), 

6. Let nitrous oxide mto evacuated manifold 

7 Fill mixing chamber until it has a total pressure of 

65 + 50% X 760 = 435 mmHg. 
8. Purge manifold for one minute (valve P), 
9 Let oxygen into evacuated manifold. 

10. Fill mixing chamber unt»l it has a total pressure of 
435 + 21% X 760 = 594 6 mmHg 

1 1 . Purge manrfold for one minute (valve P), 

12. Let nitrogen into evacuated manifold,. 

13. Fill mixing chamber until it has its final total pressure 
594 6 + 165 4 = 760 mmHg 

The static station controller then waits until the various layers of 
gas form a homogeneous mixture by Brown lan motion. The mcxing 
chamber has a mixing time constant of three or four minutes, so all 
the nooks and crannies are equilibrated in about 10 to 15 minutes 
Typically mixing and measurmg each gas data point takes about 
25 to 40 minutes. This comiputenzed system makes it possibte to 
do the routine calibraiEon of a sensor and airway overnight and 
reduces the drudgery of what would otherwise have to be done 
manually. 

The partial- pressure filling subroutine mentioned above is a 
complicated procedure involving feedback from: the MKS inc 
manometer. The computer caicuJates the target pressure that the 
mixing chamber is to be filled with and fills it with successively 
smaller pressure pulses. An attempt was made to approxi- 
mate an isothermal expansion. This can only be done per- 
fectly by an infinitesimal flow rate A quick expansion of a gas 
causes it to cool down (e.g., the use of Frecn^^ in a refrigeration 
system). An empirically derived algorithm was developed for the 
analog mixing valve that is used. At first long gas putses at high 
flow rates are used. Then, as the target pressure is approached, 
short, low-flow-rate pulses of short duty cycle are used to creep 
slowly up to the target pressure. In this way, an isothermal 
expansion is achieved in a minimum time, The constant-tempera- 
ture mixing-chamber water jacket is very important for the mix- 
ing task. 




Fig. 1§. The calibration stick suppiied with the 47210 A con- 
tains two ceils that have reference concentrations of gas 
seated in them The sensor is placed on one celt at a time to 
check and calibrate the instrumef^t. 



respiration status. 

The main program then displays the fully processed 
parameters on the capno meter's front panel and outputs the 
instantaneous PCO3 waveform to a rear-panel analog output 
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for use with chart recorders or slow-trace oscilloscopes. 
When the proc^sing is completed Jhe data-available flag is 
cleared and the main prograiii awaits the A-lo-D converter's 
ser\ice routiiie to signal the arrival of the next digital data 
group. 

AcktK>wtecigment5 

Many people at Hewlett-Packard Laboratories in Palo 
Alto. California laid the groundwork for the 4721tJA Cap- 
nojmeler, notably Charlie Hill and John Bridgham. At HP's 
Walthain Division tihe intricate mechanicaJ design of the 
sensor assembly was performed by Ed Parnagian with assis- 
tance by Ross Frushour and lohn Allen. Al Bond contrib- 
uted to the processor box design and the sensor manufac- 
turing techniques. A truly superb job was done on the elec* 



ironies by a trio of engineers: |ohn Krieger. Gern* Kager and 
Ray Stelting, Russ Parker, out resident chemist, performed 
a remarkable job of rJiarscterizing the sensor. Russ' work 
was the key to success with the simple*to-perform calibra- 
tion scheme. Tom Hayes, our gas monitoring product 
line manager, provided valuable guidance regarding the 
needs of the medical user. A final thanks goes Jo our sect ton 
manager. Ed .Merrick, who demonstrated his abilities as an 
exceptional engineer many times in the course of de^^elop- 
Ing the 472 lOA. His help was greatly appreciated. 
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SPECIFICATIONS 

HP Model 4721 OA Capnometer 



OXYGEN LEVEL OOMPEJSISATIOII: 
GftS MIXTURE COsNjOjHsO 



Measurements 

iNSTAfrrANEOUS PCOa^ 
ANALOG OUTPUT 
Range: lo 150 mmHg (D lo 7 5V) 
'AQC4jracy: -2 mmHg Imm lo 4i) mmHg 

* 5% of reading (nom 40 ro tOO mmHg. 
Re&poiiSe Time: DflLay. 150-25 mi Hi seconds. 

Rise Time (90'^b nse To a PCO5 step changes 2Q0 miHiseconds. 
Noise: tO.5 mmHg ijrmsf, or 1,5% of regdrng. whichever 15 higher. 
DCGfTAL DISPLAY: 
Range: lo 150 mmHg 
"Accuracy: :!:2.5 mmHg from to 40 mmHg. 

1:5. &% ol reading trom 41 to 100 mrriHg. 
Raaporrae Time: Delay, 150 -25 milliseconcfs. 

Rise Time (90% rise to s PCO: slep change J, 200 milliseconds. 
ENO-nOAL PC Cfe,' INSPIRATORY MINIMUM PCQj 
ANALOG OUTPUT 
RANGE IQ 150 mmHg [Dio 3.0V) 
'AiCCUfaoy: t2 mmHg Irom 10 4D mmHg, 

±5% of reading from 40 10 TOO mmHg. 
DIGJTAL DISPLAY 
Range: lo 15C mmHg 
'Accuracy: *Z.^ mmHg from to 40 mmHg, 

■::S.5% ol reading from 41 to 100 mmHg. 
RESPIRATION RATE (BPM): 
ANALOG OUTPUT 
Range lo 75 BPWl tO lo 3.0 VI 
Accuracy tS BPM <4 10 75 0PM), 
DIGITAL DISPLAY 
Range lo 75 BPM 
Aa^racy -a BPM (4 lo 75 BPM), 

1. Accufacy ol End- Tidal f^adrngs apflii&5 to mpasuremcnts groaltfif IHan tO mmHg. 
2 Slandard conditio ris: 

Gas MiJftum. CCh, N^, O2 [inspired) al 2i%, and waler vapor 

Temp&raluTB: 33'C lairway adapter|. 
Pressure: 760 mmHg I'altilude ssttififg - 0) 
Wflter Vapor Pressure 3B mmHg 

MEASUREMEMT VAf^i ABILITY 

"REPEATABILITY * a mrrrHg from to 40 mmHg 

*2% ol reading itwn 41 to 10O mmHg 
STABILITY - 1 mmHg Tor 7 days al S&^S mmHg, after SO-minule Wnarmup 

'Xonditions The repHeatabilily spscillcation appN^S if Ifie s.ame sensor, airway adapter, and 
capnomeler are used immediately altef o^tbrauon Each gas sample measured must be al 
the same lemperaiure and pressure. 

COMPENSATION: Fronl-panel pus Jibud on s provide mean correctKjns forgascomposiHons 
w^Bfi ihs inspired oxygen s, otOer Ihan 21% The following tables incficate the added error 
at The mean gas Gompo.sJlJons an<l thBi-r exfiem&s. These added errors can bq reduced 
lo nearly zefO by treating them as proportional lo thediflerence from the me an composition. 
Fn ihe tabfes. all gas percenlages are for inspired gas and standard conditlans (Measure- 
ments, NDie2^ in all cas-^s, the actual PCOi.^ ni the displayed PCO^piTc/s the error in ttie latjie- 
For aitilyde setrings other than zero jsea levelj^, add -0.3 mmHg. 





Specified accuracies 




Level 


al stand^d condtbons. 
with O2 (inspired) a! 31%. 


Ol 


f^axcmum Added Error immHQj 


21% Button QH 


O2 5C% Sution ON 




No coTTBCticjn IS appfied. 


22% 


Ob =35% 


50% 


51% 


Qt 75^ 


100% 


40 mmHg 


i:2.0 mmHg 


-€.4 


0^ 


*0.4 


10 





ti;o 


100 mmHg 


s5..0 mmHg 


10 





.t 


24 





*2 2 



NITROUS 0X101 COMPENSATION: 

ANESTHETIC GAS MIXTURE COz.'NzO/Oi'HiO 





Specified accuracies 




PC03 


at standard conditions. 


Majdmtim Added Error (mmHg) 


l£V6l 


but Oe (inspired) is 35%. 


Ol 21% ButtoriON 


Oa -50% Bulton ON 




and batanca ls NeO, 


NiO Button ON 


NiO Button ON 




No correction \s applied. 


22^* 


Oi = 3S% 


50% 


51% Oj - 62.5% 


75% 


40 mmHg 


rao mmHg 


N,'-A 


Q 


-0.7 


-0.6 


-06 


1 00 mmH§ 


*6.0 mrnHi 


KA 





-IB 


5 


T5 



General 

REAR PANEL 7B0 SYSTEM CONNECTOR OUTPUT; 

Connector pm assignments are compatible with slandard aignai Imes- m the Hewieit- 
Packarct Partnnt Monifcjrinq Series, 
OP£RATfNG ENVIRONMENT: 
AMBIENT TEMPERATURE RANGH: 
Capnomeler: D'C lo 55 "C 
14 360 A Sensor: 17 C to 38 -C 
HUMfDrfY; 
Capnomeler: S% to 95% relative humkdlly at 40 C 
V4360A Sensor 5% to 9S% retative hyrriddily M 3S'C 
ELECTRICAL; 
LINE VOLTAGE 100. IHJ. 220, 24Q\/m 

•» 5%- tO%, 50 10 90 Hz. 
POWER CONSUMPTION 50 VA maKimum 
CHASSIS LEAKAGE CURRENT TO 3ROUN0: Less than 50 microamperes at 

127 Vac. 60 Hz 
PATIENT ISOLATJOW FROM INSTRUMEhTr GROUND Greater than 10 megohma 
measured Irom 143&0A sensor case to power-cord third-wire ground at 40'"C 
anfl 35% rolaiiva humidity. 
INPUT PROTECTION: Protected against defibnlfatof potentials Free from eteclro- 
cautery tnterference under mg^t circumstances. 
MECHANICAL: 

DiMENSIONS: Capnometer (HWO>: IS.t >t £1-3 >: 3SJ cm. 

SENSOR CABLE LENGTH 2 44 m. 

AiRWAY ADAPTER LENGTH jwith lohmg cooptefsj i.5 cm 

TUBING COUPLERS (ANSI Standard Z7fl) 15-mm diametfrr 

WEIGHTS. Capnomeler: 7 7 hg, 

SENSOR: 56 g without cable 

195 9 with cable 
AIRWAY ADAPTER: 18 g with tubing coupters. 

STERlLIZATtON; Capnometor may be wiped ^itti coW chemical disinfectant. Sensor 
may be stefihzed with buffered gluleraldehyde Airway adapter less dJspo^iafe 
lutang couplers may be autodaved gas stenhzed {ethylene oxideK or cold-cr>emiea; 
sle/iJized 
DEAD SPACE. Airway AdafjTe.'' (wilh lubing couplersi- iScc 
PRICE IN US.A^r SO, 400 

MANUFACTURING DIVISION: WALTHAM Dt VISION 
175 Wyman Sireot 
Waiihr^m Ma.s'^.ir.hu^e^n'-; 02154 U,S,A, 
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A Versatile Low-Frequency Impedance 
Analyzer with an Integral Tracking 
Gain-Phase Meter 

This instrument measures impedance parameters, gain, 
phase, and group delay of Individual components, circuit 
sections, and complete circuits. The measurements are 
automatic, wideband, and made under variable frequency 
and /or dc bias voltage conditions, 

by Yoh Narimatsu, Kazuyukf Yagi, and Takeo Shimizu 



THE DEVELOPMENT of more complex electronic 
systems and components requires improved in- 
strumentation to DX^aiuate impedance and trans- 
mission characteristics of Individual components and cir- 
cuits. Ideally- this evaluation should be done under the 
conditions of frequency, bias, and signal level at which the 
device or circuit is to operate. 

Measuring both impedance and transmission parameters 
usually requires at least two instruments: an analog vector 
impedance meter or a digital LCR meter to measure imped- 
ance parameters, and a gain-phase meter or network 
analy/^er to measure transmission characteristics. 

He%vlett' Packard's Model 41 92 A LF Impedance Analyzer 
(Fig. 1) introduces a new concept in the measurement of 
these parameters. To our knowledge, it Is the industry's 
first fully automatic, wideband, variable-frequency - multi- 
parameter impedance meter that is equipped with a track- 
ing gain-phase meter. It can also measure group delay and 



be operated via the HP-IB.* The 4 192 A is designed to 
simplify and improve the testing of discrete complex de- 
vices and in-circuit components, and the evaluation of cir- 
cuits, materials, and semi conductor products. Some of its 
features are: 

■ Ail measurements and test conditions are specified with 
pushbutton ease* There are no knobs or diaJs to adjust. An 
internal microprocessor can automatically select the 
measurement range and circuit mode (equivalent series 
or parallel) appropriate for the specified conditions and 
measured parameter value. 

■ Eleven impedance parameters (|Z|. |Y|, f?, R, X, G, B, 
L, C D. and Q) can be measured. Equivalent series or 
parallel mode is selectable manually or automatically, 

1 Test signal frequency can be automatically or manually 
swept in either direction within a range of 5 Hz to 13 
MHz. A fixed test signal frequenc:y can be specified any- 

*Hewielt-Pacharas irnplementatJon gi lEEE Standard ■iflfl (197B) 




Fig. 1, The 4 192 A LF Impedance 

Anaiyzer makes accurate mea- 
surements of impedar^ce and 
gaifi-ptiase response for compo- 
riems, materiais, and two-port de- 
vices sn the frequency range of 5 
Hz to 13 MHz. Test signal levels 
are programmable. The analyzer 
has frequency-sweep capabihty, 
4 -'^ds git resolution, built-in dcbms 
that can be swept, and X-Y record- 
er outputs 
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where within that range with a resolution better than 
0,0001%. 
m Test signal amplitude is selectable from 0.005 to LI 00 
Vrms in steps as small as 1 mV. The actual t^t signal 
amplitude across the device under test fDlIT) can be 
monitored by the 4 192 A. 

■ An mlernal i35Vdc bias source can be autoniaticaily or 
manually swept in IO*m\' steps. 

■ Five gain-phase parameters l|B-A|. B, group delay. 
|A|, and [B]] can be measured with a maximum gain 
resolution of 0,001 dB and a phase resolution of 0.01". 
The dynamic range for the input level is 100 dB and the 
level can be measured in dBm or dBV. 

■ X-Y recorder outputs between zero and ±1 V. These out- 
puts are driven by digital-to-analog converters (DACs) 
controlled by the instrument's microprocessor. The con- 
sistent output ramp simplifies recorder setup. 

■ An internal backup memory, consisting of five non- 
volatile storage registers, stores all of the settings for up 
to five independent measurement setups, 

■ All front-panel keys and tesl parameter settings can be 
controlled by meims of the instrument's HP- IB capability. 
The 4192 A LK Impedance Analyzer is part of HP s 

variable-frequency impedance analyzer family. It covers 
the frequency ran^e below Itiat of thi^ 41 91 A RF Impedance 
Analyzer^ which does impedance measurements in the IW 
to IJHF frequency range. TogeSher the 4 191 A and 4192A 
can make impedance measurements over the very wide 
frequency range of 5 Hz to 1 GHz. 

The main applications for the 4192 A are testing of com- 
plex discrete components, either separately or in-circuit. 
and evaluating circuits, materitds. and semiconductor de* 
vices. An example is measuring quartz crysta! parameters, 
Mfjnufacturers and users of quartz crystals require an accu- 
rate way to measurn a crystal's series or parallel resonant 
frequency, equivalent series resistance, shunt capacitance, 
and Q, The 41 92 A can perform all these measurements 
quickly, If an Hl^-IB controller is available, they Cdn he made 
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Fig . 3 . G a in-phase characteristics of a 3. 2- MHz crystal filter in 
!ts passband are measured easily by the 4 192 A. 

automatically and plotted graphically (Fig 2}. If an X*Y 
recorder is connected to the 4 192 A 's recorder outputs, mea- 
surement results can be recorded on standard logarithmic 
or linear graph paper. 

When used with an HP-IB controller, the 4192A can au- 
tomatically measure the frequency characteristics of cored 
inductors while keeping the test current ttuough the DUT 
constant* This is possible because the output level of the 
signal source can be remotely controlled w^hile monitoring 
the test signal leveh 

tJnlike most impedance measurement instruments, the 
4192A can measure the input or output impedance of de- 
vices and circuits grounded on one side, such as filters and 
amplifiers. 

The combination of impedance and gain-phase oioa- 
surement capabilities provides many benefits, especially in 
designing video, com muni cation, and hybrid IG circuits. 
The greatest benefit is that the designer can evaluate both 



^ iat.a. 



^ i'% 




FH£Q. CkHiri 



RDMITT'flNCE VECTOR LOCUS 

HP 413ZR 




STOP FRO, -40Be.ff KH2 

5tEP fRQ, -I Mf2 



Co n d u c t a n c e C mS ) 



Fig. 2. (a) Impedance characterfsvcs of a 4-MHz quartz crystal, measured with the 41 92 A LF 
Impedance Analyzer, (b) Admittance vector locus of the 4-MHz quartz crystal near the serfes- 

resonance frequency. 
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the characteristics of an entire circuit and the impedance 
character) sties of the components that make up the circuit. 
For example. Fig. 3 shows measurements made on a crystal 
filter, and Fig, 2 shows measurements on a crystal There- 
fore, the designer can precisely analyze circuit performance 
dowa to the component level. The 41 92 A also makes it 
possible to troubleshoot and upgrade the circuit easily. This 
not only improves design efficiency, but also contributes to 
reliable design. 

LF Bridge 

The major sections of the low-frequency impedance 
analyzer are the LF bridge, the vector ratio detector, the 
signal source, and the digital data and control section. 

The bridge section (Fig, 4J in the 41 92 A uses an approach 
different from that used in similar instruments like HP's 
4274A and 4275A Multifrequency LCR Meters,- For 
impedance measurements this section provides a complex 
voltage across the device under test (DUT) and another 
complex voltage proportional to the complex current 
through the DUT at bridge balance. 

A heterodyne method is used to balance the bridge over 
the frequency range of 5 Hz to 13 MHz. The bridge uses two 
mixers. One is placed right after the I-V converter and the 
other at the front of the low current amplifier. Therefore, 
the IF amplifier and the null detector can operate at the 
intermediate frequency (78,125 kHz) regardless of the mea- 
surement frequency and the vector generator can operate at 
40 MHz. Thus, it is easy to obtain two 90° phase shifters to 
drive the null detector and the vector generator- This made 



High Current 
Amplifier 



it possible to design a simplified digital phase tracking 
circuit. 

The 1-V converter, filter, low current amplifier, and 
measurement cables cause a phase shift large enough to 
prevent the bridge from balancing at high measurement 
frequencies. This phase shift has to be compeiisated ap- 
propriately so that the bridge can be balanced over the full 
frequency range. A phase shift between the reference signal 
of the null detector and the IF signal causes a phase shift 
between the bridge input (LpQ^-J and output (Lj^yt^) 
in Fig, 4, provided that tlie phases of the locaJ, 40-MHz, 
and VCO signals are kept constant. A digital phase tracking 
circuit varies the phase shift of the reference of the null 
detector. It consists of a preset binary counter and latches. If 
one pulse of the IBIF signal Is removed from the input 
pulses during each period of the IF signal, the reference 
phase of the null detector can be delayed 22. S"* from the IF 
signaL The phase tracking data is programmed according to 
the measurement frequency and cable length, and is stored 
in a ROM fur use by the instrument's microprocessor. 

The bridge of the 4 192 A uses a four-terminal-pair config- 
uration^ to avoid measurement errors caused by mutual 
inductance between measurement cables. Errors can be 
avoided because the magnetic fields generated by the cur- 
rents flowing in the inner and outer conductors of the mea- 
surement cable cancel each other when the bridge is bal- 
anced. To maintain this condition over the full test fre- 
quency range, the bridge section uses floating power 
supplies for tlie low current amplifier, the I-V converter , 
and the coaxial baluns. The floating power supplies pro- 




^ 



Clrciiit Common of 
Nigh Current Amiplifior 

Circuit Common of 
!-V Converter 

Circutl Common of 
Low Current Amplifier 



40 MHz 



Phase Tracking 
Control 



Fig, 4. Bridge section of the 4 192 A The high current, hw current and !-V converter secthr^s 
each have an irjdependent ftoating power supply to make measuremeal of one-side-grounded 

devices possible 
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Rg, 5, \/ecfor ratio detBCtor. This circuit uses ortiy one frequency conversion. 



vide excellent isolation between the low current amplifier 
and the I-V converter and chassis ground. Each power sup- 
ply is a dc-lo-dc converter with a I -MHz switching fre- 
quency and low-pass filters. Common-mode noise is ap- 
proximately 10 piV rms. These floating supplies provide the 
grounded-on-one-side impedance measurement capability. 
If the bridge Is uabalanced. an error current i^ flows into 
the I-V converter and is converted into an IF error signal by 
the first mixer. The amplified IF error signal is added to the 
null detector to control the 4U-MHz veclor generator. The 
signal converted from the 40-MHz error signal is fed back to 
the other side of the reference resistor until the system 
becomes balanced, that is, until i^ - and \'^ = 0. 



= u-^ 



Rr 



Therefore 7.^ = - Rj. 



Vr 



As seen from the above equationt all that is needed to 
calculate the complex impedance of the DLlTare the values 
of Rr and tht^ vector ratio between V^^ and Vj,* 

VectDf Ratio Detector 

Fig. 5 shows a simplified block diagram of the vector ratio 
detector section. This section detects the precise complex 
voltage ratio (both magnitude and phase difference ratios] 
between two signals. 

To obtain good tracking characteristics and linearity for 
various test signal levels, the buffered signals are multi- 
plexed in a timesharing manner to share one signal path. 
The output from the multiplexer is converted into an IF 
signal by a mixer to cover the measurement frequency range 
from 5 H^ to 13 MHz. Typical tracking accuracy is n.03% for 
midrange frequencies and 0,3% for the high and low fre- 
quencies. The equivalent input noise of the mixer is low 



enough to allow^ detection of weak signals, especially for 
gain-phase measurements. Maximum input level is approx- 
imately 2V rms. 

To satisfy these requirements, field-effect transistor 
switches and operational amplifiers are used to provide a 
double-balanced mixer having a wide dynamic range (Fig. 
6]. Compared with conv^entional diode mixers, this mixer 
exhibits much better linearity for high input levels and 
lowx^r power requirements for the local port. The equivalent 
input noise is about the same as that of the operational 
amplifiers. To keep the signal level fortheanaiog-to-digital 
converter [ADC] constant in the impedance measurement 
mode, the signal conversion gain of the mixer is controlled 
according to the test signal level. 

Besides the desired leedthrough component, several un- 




Loeai Port 



Fig. 6. Double-balanced mmer provides good finsafify over 
f/ie entire operating range^ 
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wanted signals are also applied to the IF stage from ihe IF 
port of tiie mixer. Examples are tlie sum of the signal end the 
local signal, feed thro ugh fromtlie local port to the IF port of 
the mixer, and sideband noise introduced around the IF 
signal by various noise sources. Conventional methods to 
eliminate these unv^ranted components use a high-Q 
bandpass filter in the IP stage. If this approach is used, the 
frequency components as near as 10 Hz from the IF must be 
attenuated by more than 80 dB. Such high-Q filters are very 
costly and introduce a significantly slower response to 
input level changes. Therefore, a different approach was 
chosen in the 4 192 A for filtering, 

The integration time of the ADC is used as a filter func- 
tion. It is well known that an Integra tor whose integration 
time IS T| has a frequency response Ff as folfows: 



Ff = 



sin (vrfT|) 
TrfTi 



w^here f is the input frequency. 

Since the phase detector located in front of the integrator 
is regarded as a mixer whose input component is mixed 
with I he IF signal, the unwanted components described 
above (except sideband noise} are converted to components 
whose frequencies are multiples of the measurement fre- 
quency. Therefore, if T] is set to be a multiple of the recip- 
rocal of the measurement frequency, the term sin(7rfT]) be- 
comes zero and unwanted components are eliminated. The 
higher the measurement frequency becomes, the further the 
unwanted components appear from the IF signal. The IF 
filter (following the mixer in Fig. 5] becomes effective only 
for measurement frequencies above 10 kJIz. Consequently, 
rejection by using an integration time Ti is especially nec- 
essary for the lower measurement frequencies. 

Ti is varied by changing the integration time counter via 
the niicroproces.sQr. Since the integration time must vary 
from approximately 2-5 ms to 600 ms, an ordinary dual- 
slope integrator cannot be used because of its limited 
dynamic range. An integrator similar to the one used in the 



HP 345 5A Digital Voltmeter^ is used, because its dynamic 
range is practlcaJly infinite. 

The noise bandwidth of filters of this type is equal to the 
reciprocal of the integration time. For example, an integra- 
tion time of 20 ms gives a noise bandwidth of 50 hiz. This is 
approximately equal to the noise bandwidth of a filter with 
a -3-dB bandwidth of 32 Hzi if the filter is approximated by 
a single-tuned bandpass filter having a Q of 2400. 

Signal Source 

Fig. 7 shows a simplified block diagram of the 4192A"s 
signal source section. In impedance measurements or 
gain-phase measurements, a good quality test signal is es- 
sential for obtaining high-resolution measurements with 
good repeatability, The basic concept used in the 4 192 A is 
to phase- lock the 4a-to-53^MHz signal from VCO #1 to a 
lOO-kHi^ signal that is divided down from a 40-MHic signal 
by using Iractional-N frequency synthesis.^ The V^CO #1 
output is then converted to the 5-Hz-to- 13-MHz test signal 
by mixing. 

A local frequency that is always higher than the test 
signal frequency by the IF (usually 78. 125 kHz) is obtained 
by subtracting die 40-MHz - H'" signal from the VCO # 1 output. 
The 40-MHz- IF signal is generated by VCO #2 which is 
phase-locked to the IF frequency divided from the 40-MFlz 
signal. Leveling of the output signal is achieved by feeding 
back an ALC [automatic level control) signal to the FIN 
modulator inserted in the path of the 40-MHz signal. Con- 
trol of output level is achieved by changing the reference 
level of the ALC loop, which is controlled by an 8-bit 
digital-to-analog converter (DAC). 

Digital Circuitry 

All data and analog controls are managed by an MC68B00 
microprocessor. A battery-supported backup memory re- 
tains five independent instrument setups when the instru- 
ment Is turned off or line power is removed. Troubleshoot- 
ing is done easily with the instrument's built-in test capa- 
bility and a specially designed troublesliooting kit that is 
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Fig. 7. The Signal source sectfon 
of the 4 7 92 A generates ihe test 
and focal signals by usmg a 
f fact tonal' N synthesizer. 
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Rg. fl. The 16095 A probe fixture 
is usefui for probrng circuits ar^d 
devices grounded on one side. 




FJg. 9. The 76096^ fesf fixture 
ts useful for messufemenis of 
two-port devices and ctrcuits. 



supplemented by signature analysis. 



Test Fixtures 

Two ditterent types of test fixtures and an accessory kit 
are available for circuit probing or measutement of two-port 
devices. Also, most of the test fixtures usable with HP*s 
4 2 74 A and 4275 A Multifrequencv LCR Meiers Lan be used 
with the 4 192 A. 



The 16095A probe test fixture (Fig. B) is convenient for 
measurement of devices grounded on one side, circuits, and 
in- circuit components, before using the probe, zero oflset 
compensation should be performed to cancel the effects of 
any residual inductance and stray capacitance inherent in 
the probe fixture. 

The 10096A test fixture (Fig. 9) is used to measure the 
input/output impedance and gain-phase response of two- 
port devices and circuits. 
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SPECIFICATIONS 
HP Model 4192A LF Impedance Analyzer 

PARAMETERS MEASURED: 

IMPEDAISfCE PARAMETERS; \Z\-B, |y|'fl. R-X. G-B. L-R. G. □. Q. C-R, G. D. rela- 
ttve gam (B--AJ, phase, g^oup delay, absolute gain (A, B). 

GAIN-PHASE PARAMETERS; (B-AJ-O, (B-A)-group delay, A, B. 
DEVIATION MEASUREMENT; Dispfays measured ^alue as de^fiation {!] from stored 

reference or as percent cJevration {A%) for all parafnarers.. 
TEST SIGNAL (mterr^al synthesiser); 

FREQUENCY RANGE: 5.(KH> Ht to 13.000000 MHs. 

FREQUENCY STEPS; 1 mHz f 5 Hz to 10 kHzj, tO mHz [1 to TOO IcHiJ, 100 mHz (100 IfH? 
to 1 MHti. 1 Hz n to 13 MHz). 

FREQUENCY ACCURACY: riSOppm. 

SIGNAL LEVEL I open- ctrcijil for impeiJanc« rTtBa.surB^ent or terminated wtth 500 Tof gain- 
phase measurement) 5 mV to 1 )Vfm$ 
MEASUREMENT MODE: 

SPOT MEASUREMENT: Measurefnents at spaeiric frequency or bias voJtaga. 

SWEEP ^/lEASUREMENT Linear or logarithmic sweep measufements, 
INPUT IMPEDANCE OF CHANNEL A AND B; 1 Mil ±2% In paralJeJ with 25 pFi:5 pF. 
MEASUREMENT RANGE AND BASIC ACCURACV: 



Parameter 


R^ige* 


BasiC Accyras^y" 


Imp&dance \Z\ 


0.1 mnio 1 2999MQ 


0.2% 


Admrtlarkce |Y| 


1 nS to 12.99 S 


o.a% 


Phase 


-IBO.OO' to '190.00^ 


o.r 


Raiative Gam 


0,001 dBto 100 dB 


0.02 dB 


(B-A) 






Group Delay 


0.1 ns to 10 s 


Calculated by 
accuracy of phase 


Absotute Gain 


i3.edemro-e7dBm(5oa) 


0.4 dBm 


A. B 


aadsvto -loodBV 


0,4 OBV 



"Vanes depending an measurement frequency and test signal ie^ei. 
*'BasJC main(rajT5e accuracy. At Irequsncies below 400 Hz and above 1 MHz, tbe basjc 
mainframe accuracy begins lo roll off. 

CIFtCUtT MODE: Series, parallel, ^nd automatic. 

MEASURING TERMINALS: 4-t6rmJna! pair configuratidn 

DISPLAVS: 4'/? -digit display in average and rtormal mode. 3^.^-dlgtt cbsplay in higti-speed 

mode 
INTERNAL DC BIAS; -35V to *35V, 10-mV steps 
RECORDER OUTPUTS: -IV 10 + 1 V for display A and B. to TV for trequertcy bias, l-mV 

ste^g. 
MEASURING TIME: 

IMPEDANCE MEASUREMENT; 140 lo 170 ms (SO to iO ms in high-speed mode). 

GAfN'PHASE MEASUREMENT: 1B0 to ?20 ms {30 tg 130 ms in high-speed mods). 
GENERAL: 

OPERATING TEMPERATURE: to 55^C, 9S% relatiue humidity at 40=C. 

POWER: 100, 120, 220V ±10%. 240V ^5'ii, -10%, 4fl lo 66 Hz. 

POWER CONSUMPTION: lOOVA maximum. 

DIMENSIONS APPROXIMATE (HWD}- 247 mm x 425 mm x 547 mm. 

WEIGHT: Approximately 19 kg 

ACCESSORIES FURNISHED: 160 47 A Tasl Fintura, two H04eC 5011 feedttiroughs, 
11652-60009 SOa Powei Splilter. 125041216 BNC Adaplef, and two 11170A Cable 
Assemblies 

ACCESSORIES AVAfLABLE- 16095A Probe Ritture, 1S096A Test Fixture. t6097A 
Accessory Kit. 1 6047B,'C Test Fixtures, 1 6049A-B'C Test Leads and 1 6034B Test Fixture 
PRICE IN U,S,A.: S1 1,550 

MANUFACTURING DIVISION: VOKOGAWA HEWLETT-PACKARD LTD. 
9-1 , TakaKura'Cho 
Haehiqi-shi, Tokyo, Japan 
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A Fast, Programmable Pulse Generator 
Output Stage 

A new pulse generator supplies fast-transition puises for 
testing 100k ECL, advanced Schottky JTL and other fast 
logic families. 

by Peter Aue 



WITH THE INTRODUCTION of fast new integrated 
circuit logic families like lOOk ECL (emitter- 
coo pied-logic) and the ongoing development 
of current technologies such qs Schottky TTL and advanced 
Schottky TTL. the volume of fast integrated circuits is in- 
creasing rapidly, Characterization of the parameters of such 
ICs in RkD. production* incoming inspection^ or produc- 
tion testing of modules designed with these circuits re- 
quires a fast, accurate pulse generator with variable transi- 
tion times to match those of the logic family under test. A 
new HP4B programmable pulse generator. Model 81 61 A 
{Fig, 1). alloivs these measurements to be performed under 
remote control. Increased throughput, decreased develop- 
ment time, and easier long-term reliability tests are among 
the benefits of this 100-MMz pulse generator with 1.3-ns 
transition times (Fig, 2). 

Design Approach 

Because major portions of the proven 81 60 A Programma- 



ble Pulse Generator^ were perfectly suitable for the new 
instrument, the basic mechanical design, power supply and 
timing circuitry of the 8I60A were adopted. Only minor 
changes were necessary to meet the needs of the SlBlA^s 
10Q-MI-Ik repetition rate and the different internal supply 
currents. The microprocessor hardware was redesigned to 
implement signature analysis and the latest-design ROMs. 
The major challenge was the design of the programmable 
transition time generator and output amplifier- 
Transition Time Generator 

The main parts of the transition time generator are the 
current-switching differential amplifier, the clamp voltage 
circuitry, two buffer amplifiers, and seven high- precision 
current sources [see Fig, 3), To achieve the fast transition 
times. push*pull differential circuitry was chosen. 

To describe the basic principles of operation, let*s assume 
the four switching current sources are off and Ql has been 
off and Q2 on for a long period of time. In this case I^um ^ 




Fig. i.Modei 87 61 A Programma- 
ble Puise Generator produces 
puises w'ith ampHtudes up to SV 
snd transition ttmes of 1.3 ns to 
900 MS, af rates up to 100 MHz 
Programming ts done manuafly 
using f/7e front-panBl keyboard or 
remoteiy via the HP-iB flEEE 488} 
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Rg. 2, Wode/ 8161 As 1 3-ns transitions (upper trace) are 
faster and cleaner than most fast logic famiftes, such as I0k 

ECL (tower trace). 



with Itre^ since Q2 is off. When Ql is switched off and Q2 
on again, Cl is charged with Ilee ^"d C2 is discharged 
with Iyee " ^suni -~ \eE' 'T'he voltage swing between Vi 
and V^ is limited by V^li - ^^CLi + ^ 4V, which is approx- 
iraately 2V. The slew rate is proportionaJ to I^ee or [xre- 
Therefore, with increasing current values, the transition 
times decrease. 

C]l and C2 consist of intrinsic and stra}^ capacitances 
only. The ramp signal is buffered lind amplified using buf- 
fer amplifier 1. For transitions between 5 ns and 99*9 ns 
fixed capacitances are switched in by turning the four 
switched current sources on. In this case part of the signal 
goes through buffer amplifier 2, I or transitions longer than 
99.9 ns, additional capacitances are switched in. 

The Il£e snd \j^^ current sources are controlled by two 
10-bit multiplying digital-to-analog converters [DAGs) for 
transitions ^5 ns. For shorter transition times, a separate 
custom-designed DAC is used because the control doesn*t 
follow a simple function and has to be approximated. Il^^e 
and Itre are made equal to achieve a cleaner waveform. 



^LEE + iTREf^o^^'s through Q2. Voltage V^^ - \\ "^ Vqj ^ 0.7V 
and voltage Vc2 = V^ ^ Vqlz ~ OJV. When Ql is sxvilched 
on and Q2 off, \^^^^ flows through Ql and Cl is discharged 



with Ilee -I5 



lyRg, On the other hand, C2 is charged 



Output Stage 

A dual cascode differential amplifier (Fig. 4) drives the 
complementary outputs, (In the Option 020 dual -channel 




C2 I C2ll "1^22 



^sum = kEE+^TRE 



Fig. 3. The transition time 
generator provides programma- 
bie transftion times from 1 3 ns to 
900 M3^ 
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10-dS and 20-d8 5t«p Altefiuatorc 



5" 



^iV 




Input 




mstrument, one output is taken from each channel). 

The electronic attenuator consists of a pair of differential 
amplil'iers and a vernier current source. The input signals 
control the share of current tlirough Ql and Q2 and there- 
fore the current through each differential amplifier. 

Similarly, Vy controls the current in attenualor transis- 
tors Q3. Q5 or Q4. Q6. Assume that \\r is set to an attenua- 
tion factor of 2, 1 ^ 1 00 m A, and the input is such that both Ij 
and I2 = 50 mA. Then I3 = Vali = 25 mA and I4 = V2I2 -" '^^ 
mA. which adds to a vernier current of 50 mA. The sum i;^ 
+ I4 remains constant for all input signal conditions with I| 
and I'l split appropriately so that the remaining currents i^^ 
and Ifi cause the desired output amplitude at the load resis- 
tors. This is true for all attenuation ratios. The active vernier 
operates o%^er a dynamic range of 10 dB. lU-dB and 20-dB 
step attenuators can be switched into the signal path for a 
total amplitude variation of 4n dB. giving an amplitude 



Source 1 



Fig, 4, Output amplifier and at- 
lenuator A dual cascade difiemn- 
tial ampHfier drives the com- 
ptementary outpuls. 



range of 50 mV to 5V. Without addition of an offset current 
source, the output pulses would always be negative. A 
bipolar current source is added to supply any current value 
between -200 mA and +200 mA to allow an offset voltage 
of +5V maximum, For ease of use, calculation of the 
amplitude^ offset and step attenuator setting is done by the 
microprocessor. An additional feature In the Option 020 
instrument, besides the availability of a second output 
channel, is the selectable built-in nOf! passive adder. In the 
A-add-B mode, the sum of the output signals is available at 
the channel A connector and the channel B outlet is dis- 
abled. This feature can be used to generate waveforms like 
fast staircases (Fig. 5) and multilevel signals, or for the simu- 
lation ol glitches, spikes, and overshoot on signals with 
transition times as low as 1.5 ns (Fig. 6). 





flg.5.The8l61A Upuon 020 can generate rast staircases lor 
testmg Ato-D converters, multilevei logic, or pulse-height dis- 
cfiminators. 



Fig. 6. ^rie A-aaa-B mode makes n possio^e to simulate 
glitches, spskes, and overshoot with trartsistion times as low as 
1 .5 r}s. 
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SPECIFICATIONS 

HP Model 8161 A Pulse Generator 



Purse Parameters (50n Load) 

PERIODj 

RANGE 10 □ ns to 930 ms 

RESOLUTfON 3 digits (bes3 case 100 ps) 

ACCURACY: =2% 0l programmed value --:0.5 ns (period < 100 ns) 

::l2^'o af pfogfamm^d value {period -^ICIO ns) 
MAXIMUM JITTER: 1% of progfsmmect value -&0 ps. 
DELAY. DOUBLE PULSEr WIDTH: (Specifications apply br minimum transiflon times, 
measured a I 5{}^« o3 amplitude Delay 15 measttred from trigger to main output). 
DELAY (DEL) RANGE: 0.0 ns to 990 ms. 
DOUBLE PULSE iDBLi RANGE; S.O ns to 990 ms-, 
WIDTH (WJDj RANGE; 4.0 ns to 990 ms. 
RESOLUTtON; 3 digits {best case TOO ps)^ 
ACCURACY: =1% cH programmed value r 1 ns. 
MAXIMUM JITTER- 0.i% - 50 ps (--^.999 ns) 

0.05% ms IS to 9.99 fiS) 
0.005% ( >9.99 ^s\ 
DUTY CYCLE LIMITS: 

DELAY: ior DEL h 50 rfs, DEL^g^ <0.9a PER - 30 n^. 

for DEL :: 50 ns, DELpj^^^ irrdependent of period. 
WIDTH, (or WID =r 50 ns, '^\0^^^ --0.94 PER - 30 nS. 
lor WID - 50 ns. WlD^^^j^ -; 0.94 PER - 3 ns. 
OUTPUT LEVELS; 

HIGH LEVEL (HILi RANGE; 4.95V to 5.00V 
LOW LEVEL (LOL? RANGE: 5..OOV to 4.95V. 
RESOLUTrON, 3diait5 (10 mV) 
AMPLITUDE: 0.06V minimum, 5.00V maximum. 

LEVEL ACCURACY; i1% of progfammed value :::3% of amplitude ±25 mV 
SETTLING TIME. ^ ns plus 'rans'lion Time tg achieve specified acouracy- 
NOTE: 

fn A add B Mode (Opi, 020 only); 
HIGH LEVEL [H<U RANGE: - 1 75V ID 1 .SOV 
LOW LE VE L ( LOLJ RAN G E , t . SOV to 1 , 75V 
TRANSITION TIMES (10-90% Amplttude); 
LEADING EDGE (LEE): 1,3 nsMo 300 ^s. 
TRAIUNG EDGE (THE): 1.3 ns" io 9D0 ^. 
■■-■1 ns (20-30% ampNtude) 
•1,6 ns in A add B mode (Opt 020 only) 
LINEARITY: =5% ?ai" irgnsition Jimos >3a n$. 
PR ES HOOT, OVERSHOOT, RINGING J ±5% ol amplitude ±10 mV for iransrtion times 
3=2.5 ns. mayr increase lo =10^^ ol amp{ilude =10 mV for transition limes <2,5 ns. 



A ADD B; Adds Channe! A and B outpuls {Opt. 020). 
OUTPUT FORMAT; 8161 A; SimuJIansous normal and complement ootput. 
etOtA Opt. 020: Channel A and B. normab'complement tndepeE^«ntly selec^aiJli. 

Operating Modes 

NORM: Continijous puise stream 

GATE; External signal enables rate generator First oulpul pulse sync with leading 

edge. Las; pulse always complete. 
TRIG: Each input cycle generates a sing-le outpu! puJ&s. 
&UHST: Eacti input cycle general es a programmable numtjer (0 to 99991 of pulses. 

Minimum time between tjunjts is 1 penod. Minimum period setting in burst mode is 1 5.0 ns. 
MANt Simulates external signal when EXT INPUT switched OFF. 
SINGLE PULSE; Provid;e^, a single pulse rndependenl of inpyl and pericn3 seit^nfls. 

GereraE 

RECALIBflATJON PERIOD; 1 year 

WARM-UP TfME: 30 minutes to meet all spec»Rcations 

REPEATABILITY: Factor df 2 better than speCiftOd accuracy 

ENVIRONMENTAL: 

STORAGE TEMPERATURE - 40 C to 75^, 

OPERATING TEMPERATURE: C to 50^. 

Specifications app?y from 20 -C to 40"C. 

Accuracy derating tor semperatyres from 20X to C and from 40 ""C to 50 X with factor 
(1 + 0.05 x:i"C). where A-'C is the temperature deviation outside the 2g'^-40'"'G 
range 
HUMIDITY RANGE: &S% R.H.. OC to 40^. 
POWER-OFF STORAGE: After ejgll noy's 6\ ooeration. batteries maintain all stored data 
up 10 2 weeks with mstrumens swttched ott Hardwired addressable local ion contains s. 
fixed operating stale tor confidence check (standard parameter set). 
POWER r 1 1&..230V rms ■ 10%. 22%, 48-66 Hj: 675VA maximum. 
WEIGHT; ^e1 aO.B kg ^46 lljs). Shipping 25 itg {55 Ihs) 

DIMENSIONS: i7S mm tiigh. 42S mm w«ae, 500 mm deep (7 ><. 16.3 .■■ i9.7 in). 
PRICES IN U.SA: fltgiA Piogrammatfe Pulse Generator, SU.940, Option 020 Second 
Channef Includes delay, widtn, double pulsa, transition times and output amplifier. 
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